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CHAPTER 1 
INTRODUCTION 
Lesions of the endothelial lining of the cornea, which is only one layer of cells 
thick, occur after virtually every ophthalmological operation, and especially 
after intraocular procedures. Sooner or later they must lead to functional 
decompensation of the corneal endothelium. During life this endothelial cell 
loss results in a number of cases in loss of corneal clearness. 
In such cases function can be restored only by a penetrating corneal graft. 
Whether the graft remains clear, and visual acuity intact, partly depends on the 
number of endothelial cells left on the graft after the operation, and their 
ultimate function. Depending in part on the original pathogenesis, the 
postoperative course of a corneal graft is not infrequently complicated in its 
turn by functional decompensation of the transplanted donor endothelium. 
Several factors can play a role in the pathogenesis of opacification of a corneal 
graft. Differentiation between immunological factors and disturbances of 
wound healing is often difficult. 
Although much research has been and is still being done with regard to the role 
of immunology in corneal grafts, a laboratory test which either demonstrates 
or excludes an allograft reaction is not yet available. Very often, therefore, it is 
on the basis of clinical experience that a conclusion is reached. 
Far less research has focused on wound healing and the regenerative power of 
human corneal endothelium. And no research has been devoted to the 
endothelial lesions which occur as a direct result of the surgical trauma caused 
by a corneal graft. Yet these non-immunological factors are of importance for 
the ultimate result of a corneal graft. 
Histopathological examination of decompensated corneal grafts, regardless of 
whether the decompensation is clinically diagnosed as immunological or not, 
nearly always reveals a disturbance in wound healing in the deeper part of the 
wound. 
The generally accepted theory is that, in primates, corneal endothelial lesions 
heal solely by migration of the remaining vital cells, without cell division. The 
endothelial cells involved in the healing process become flatter, and their 
individual surface area increases. The normal, regular hexagonal pattern of the 
endothelial cells is lost in this process, to be replaced by an irregular pattern. 
Monkeys are regarded as the most suitable test animals, in which corneal graft 
features reflect those of human corneal grafts as faithfully as possible. The 
monkey corneal endothelium, unlike that in the often used young adult rabbit, 
is thought to be incapable of cell division as part of endothelial wound healing. 
In the young adult rabbit it has been clearly demonstrated that corneal 
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endothelial wound healing involves both migration and proliferation of cells. 
This thesis discusses the influence of non-immunological factors on wound 
healing, with emphasis on wound healing in the deeper layers of a corneal 
wound. Primarily a study was made of the localization and extent of corneal 
endothelial lesions resulting from the surgical trauma of a corneal graft. This 
study was performed on adult monkeys and also encompassed a study of the 
pattern of wound healing on the inner surface of the cornea. 
The results prompted a further study of aspects of the corneal endothelial 
wound healing pattern, with special emphasis on the question whether or not 
the endothelium is capable of cell division as part of the healing proces. The 
results obtained in this study prompted an in-vitro an in-vivo study of human 
corneal endothelial wound healing. 
For this study it was necessary to develop a new technique of investigation 
which makes it possible to study both migration and proliferation in the same 
specimen. This method would have to be applicable, moreover, to both purely 
endothelial wounds and combined endothelial and stromal wounds. 
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CHAPTER 2 
CORNEA 
2.1 EMBRYOLOGY 
Once the neural crest has formed, the proximal neuroectoderm which is to 
form the optic cup develops from the primitive nucleus. This tissue later 
becomes the neuroectodermal part of the eye. As soon as the out-pouching 
optic cup has approached the ectoderm, it induces the latter to form the lens 
placode (Duke Elder and Cook 1963). In this thickened ectodermal area - the 
lens placode - a depression forms which in a later stage of development 
becomes the ectodermal invagination. 
This invagination is separated from the ectoderm by in-growth of mesen-
chymal tissue. The invagination (now called lens vesicle), surrounded by some 
mesenchymal tissue, disappears almost entirely in the already invaginated 
optic cup, which is of neuroectodermal' origin. The formation of the lens 
vesicle is completed in the fifth week of embryonic development: the 9-10 mm 
stage (Ewer 1970). The development of the anterior segment of the human eye 
closely resembles that in the non-human primate (Wulle and Lerche 1969; 
Ozanics et al. 1977). Ozanics et al. (1977) studied the development of the 
cornea in the non-human primate Macaca mulatta. They found that, as soon 
as the lens vesicle has separated from the ectoderm on the 36th day and lies in 
the optic cup, a narrow space forms between the lens and the ectoderm above 
it. This narrow space around the lens vesicle is filled with a vitreous-like 
substance which contains fibrils with an average diameter of 20.8-29 nm. 
Anterior to the lens, between the lens and the ectoderm, a basement 
membranelike substance is localized which may be of ectodermal origin 
(Ozanics et al. 1977). 
A vascular membrane posterior to the lens (Dublin 1970) originates from the 
hyaloid artery system. The distance between this capsule and the posterior lens 
surface equals that between the ectoderm and the anterior lens surface (Mann 
1950). The space on the anterior side (anterior vitreous) contains a few fibrous 
adhesions between lens and ectoderm. Similar adhesions are found between 
the vascular membrane and the posterior lens surface. 
On the 40th day of development of the non-human primate embryo, mesenchy-
mal cells localized at the margin of the neuroectodermal optic cup grow in 
anterior direction between lens and ectoderm (Ozanics et al. 1977). Mann 
(1950) described a layer separating the ectoderm from the anterior vitreous as 
a condensation membrane which serves to guide the in-growing mesenchyma. 
This primary in-growth (Dublin 1970) has also been described as first wave of 
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mesenchymal in-growth The primary mesenchymal layer differentiates sub­
sequently to become the endothelium Studies of the origin of ocular and 
periocular tissue by means of heterotopic grafts revealed that the corneal 
endothelium in chick embryos is of neuroectodermal origin (Johnston et al 
1979) Experiments in which the lens of a chick embryo was removed, demon­
strated that primary mesenchymal in-growth did not take place in these 
circumstances (Zinn 1970) and that, consequently, neither endothelium nor 
Descemet's membrane was formed 
The presence of the lens is a prerequisite for undisturbed development of the 
anterior segment (Coulombre 1969) In the stage of primary mesenchymal in­
growth (the 17-18 mm stage of human embryonic development, 6 weeks) the 
space between ectoderm and primary mesenchymal layer is still devoid of cells 
(Dublin 1970, Ewer 1970) Completion of primary mesenchymal in-growth is 
followed by the second wave of mesenchymal in-growth It has not been 
established with certainty whether this in-growth takes place in one phase 
(Dublin 1970, Ewer 1970) or in two phases (Mann 1950, Duke Elder and Cook 
1963, Ozamcs et al 1977) 
The single-phase hypothesis postulates that mesenchymal proliferation occurs 
simultaneously on either side of the primary mesenchymal layer, and that the 
part on the ectodermal side becomes the corneal stroma, while that on the lens 
side becomes the primary pupillary membrane This primary pupillary mem­
brane becomes vascularized secondarily and forms the stroma of the ins 
(Dublin 1970) 
The two-phase hypothesis postulates that primary mesenchymal in-growth is 
followed by a second wave of mesenchymal in-growth, which is confined to the 
space between the primary mesenchyma and the ectoderm and subsequently 
forms the corneal stroma The pnmordium of the corneal stroma having thus 
been established, a third wave of mesenchymal in-growth takes place from the 
margin of the optic cup This tissue forms the primary pupillary membrane, 
which is vascularized secondarily to form the stroma of the ins The pnmor­
dium of the stroma of the ins (vascularization of the primary pupillary 
membrane) is established in the 30-40 mm stage (9-10 weeks), and the central 
part subsequently regresses (Pearson 1975) to form the pupil as it does in the 
single-phase hypothesis 
In experiments reported by Zinn (1970), primary mesenchymal in-growth 
failed to occur after lens extraction but later mesenchymal in-growth did 
occur, either in one or in two phases These experiments showed that, instead 
of normal corneal stroma, a kind of sclera-hke tissue developed 
After primary mesenchymal m-growth cell junctions begin to form on the 
apical side of the cells, ι e the side toward the lens (Wulle and Lerche 1969, 
Waring et al 1974) These cell junctions are initially local but gradually come 
to encompass the entire apical circumference of the cell (Wulle et al 1974) At 
the same time, gap junctions form between the lateral cell boundanes (see 
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subsection 2.2.7). This process starts in the 7th-8th week and is completed 
during the fourth and fifth months of gestation. This coincides with the start of 
aqueous humour production (Wulle et al. 1974). 
The cells of primary mesenchymal in-growth (now named endothelium) 
synthesize the endothelial basement membrane: Descemet's membrane. This 
membrane becomes distinguishable from the third (Wulle and Lerche 1969) or 
from the fourth month of gestation on (Mann 1950; Waring et al. 1974), 
dependent on the method of investigation used. At birth, Descemet's mem­
brane has a thickness of 3 μ (Waring et al. 1974). 
Phylogenetically, the corneal stroma can be divided into two layers which, 
together, represent the various layers of the skin (Walls 1942; Fine and Yanoff 
1979). The mesenchyma localized more immediately below the ectoderm forms 
the anterior one-third of the corneal stroma and the subconjunctival tissue, 
FIG. 1 Light microscopy of a normal human cornea (HE stain). I. Tear film, lost during 
histological processing. 2. Epithelium. 3. Basement membrane. 4. Bowman's layer. 5. Stroma. 
6. Descemet's membrane. 7. Endothelium. 
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while the deeper mesenchyma forms the posterior two-thirds of the corneal 
stroma. These two layers are distinguishable as such in lower animal species 
(fishes and some amphibians) but not in man (Walls 1942). In man, lightmi-
croscopic examination does reveal a difference in fibrillar arrangement (Fine 
and Yanoff 1979) which corresponds with these two layers. 
2.2 ANATOMY 
The cornea is an avascular tissue localized on the anterior aspect of the eyeball. 
The cornea is normally quite clear and transparent. It consists of six layers 
(McTigue 1967; Setälä 1980), supplemented by a seventh layer: the tear film 
(McTigue 1967) (fig. 1). 
2.2.1 Tear film 
This seventh layer is lost in histological processing and not found in prepared 
specimens (McTigue 1967). The tear film can be observed, however, with the 
slit-lamp. The tear film plays an important role in keeping the epithelium moist. 
Strictly speaking, however, it is not an anatomical part of the cornea (Fine and 
Yanoff 1979). 
2.2.2 Epithelium 
The epithelium consists of five or six layers of cells at the centre and of about 
ten layers of cells at the periphery of the cornea. The epithelium represents 
about 10-12% of the total thickness of the cornea. The basal layer is also 
known as germinative cell layer. It is here that new epithelial cells are formed. 
After each cell division one of the two daughter cells remains behind to serve 
as new germinative source for the next cell division, while the other daughter 
cell migrates upwards. It takes about 3-7 days before a newly formed epithelial 
cells is shed. 
The epithelial cells are linked together by means of desmosomes (Jakus 1961; 
Farquhar and Palade 1963); and the basal cells are linked to the underlying 
basement membrane by hemidesmosomes (Waltman and Kaufman 1970; Fine 
and Yanoff 1979) (see subsection 2.2.7). 
2.2.5 Basement membrane 
The basement membrane is a separate part of the cornea, localized between the 
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epithelial cells and Bowman's layer. The membrane is produced prenatally by 
the epithelium. Cultures of embryonic chick corneal epithelium are capable of 
synthesizing such a basement membrane (Hay and Dodson 1973). The 
basement membrane of the cornea is entirely comparable with that in other 
tissues (Maurice 1957). Its thickness is 60-65 nm (Waltmann and Kaufman 
1970). Bowman's membrane as seen at light microscopy, can be subdivided 
into two separate entities: the basement membrane and Bowman's layer (Jakus 
1964). 
2.2.4 Bowman's layer 
This separate corneal layer (McTigue 1967; Fine and Yanoff 1979) has a 
thickness of 10-16 μ. The acellular layer is localized immediately below the 
basement membrane and is a specialized layer of the corneal stroma. The 
primordium of the collagenous fibres which constitute Bowman's layer, is 
established prenatally. When this layer is damaged later in the course of life, 
the same prenatal collagen can no longer be synthesized. The defect is filled 
with epithelial cells or cicatricial tissue (Fine and Yanoff 1979). 
The collagenous fibres of Bowman's layer show a random arrangement. Apart 
from a minor difference in diameter, the fibres resemble the stromal fibres. 
Bowman's layer is traversed by delicate canaliculi which also traverse the 
basement membrane. These canaluculi accommodate the corneal nerves, 
which terminate in free endings among the epithelial cells (Fine and Yanoff 
1979; Binder et al. 1980). 
2.2.5 Stroma 
This layer accounts for about 90% of the total thickness of the cornea, which 
ranges from 0.5 mm at the centre tot 0.9 mm at the periphery. Corneal 
thickness shows interindividual differences. 
The stroma is made up of collagenous fibrils. These fibrils or fibres are about 
19 nm thick on the side of Bowman's layer, the range being 16-24 nm (Jakus 
1961). Fibre thickness increases as the depth of their localization in the stroma 
increases. The fibres have a diameter of 34 nm (range 27-40 nm) on the side of 
Descemet 's membrane (Jakus 1961). 
The individual collagenous fibres are so arranged that a number of them 
together form a band or lamella. Within such a band the fibres are very closely 
linked. The links to adjacent bands are far less close. Each band extends from 
one side of the cornea to the other, thus ensuring a very regular stratified 
corneal structure. The band pattern is very regular in the deeper two-thirds of 
the cornea, but less regular in the anterior one-third. The anterior lamellae 
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gradually fuse with Bowman's layer, while the deepest stromal lamellae fuse 
with Descemet's membrane. 
Between the lamellae of the stroma lie the stromal cells, the keratocytes, which 
present the same cellular appearance as fibrocytes. The keratocytes are 
spindle-shaped and have long cell processes with which they maintain 
intercellular contact without forming a true syncytium (Loewenstein and Penn 
1967). In transverse sections of the stroma the nuclei of the keratocytes are 
readily discernible as fairly long structures. 
The collagenous fibres of the stroma are embedded in a ground substance 
which consists of several acid mucopolysaccharides (glucosamine glycans) 
(Waring et al. 1974; Fine and Yanoff 1979; Waltmann 1981). 
The sensory nerves of the cornea enter the cornea in a radial pattern, while 
they are often still myelinated. They usually lose their myelin sheath a few 
millimetres from the limbus (Binder et al. 1980). 
2.2.6 Descemet's membrane 
This corneal layer serves as basement membrane of the endothelium. Descemet's 
membrane ends at an annular corneal thickening which is known as the line of 
Schwalbe. A trabecular area is localized posterior to this line. The ciliary 
muscle inserts on the line of Schwalbe via the scleral spur (Fine and Yanoff 
1979; Waltman 1981). 
Descemet's membrane is about 3 μ thick at birth (Waring et al. 1974) and 
increases in thickness in the course of life (Hogan et al. 1971; Leuenberger et 
al. 1973; Fine and Yanoff 1979). This increase in thickness results from 
constant deposition of new Descemet material by the endothelium. 
Electron microscopy makes it possible to distinguish between an embryonic 
and a postnatal part of Descemet's membrane. The postnatal part presents a 
more amorphous, gramflar appearance (Jakus 1961, 1964; Waring et al. 1974; 
Fine and Yanoff 1979) (see fig. 50). 
The fibrils of Descemet's membrane are embedded in a ground substance 
identical to the one in which the stromal fibrils are embedded (Waring et al. 
1974; Fine and Yanoff 1979; Waltman 1981). The fibrils have a diameter of 
about 10 nm (Marshall and Grindle 1978). This structure makes Descemet's 
membrane very homogeneous and elastic. The membrane is highly resistant to 
invasion of bacteria and leucocytes (Inomata et al. 1970; Waring et al. 1974; 
Waltman 1981) and also resists the influences of various enzymes such as 
collagenases and trypsin. Even blood vessels which enter the cornea under 
pathological conditions, are unable to penetrate this tough membrane (Waring 
et al. 1974). Descemet's membrane becomes thinner towards its periphery. 
The endothelium can sometimes synthesize Descemet material which has 
prenatal characteristics. This material is deposited locally and irregularly. 
18 
When this happens at the periphery of Descemet's membrane, it is regarded as 
evidence of a physiological process of senescence. These deposits are called 
Hassell-Henle warts (Fine and Yanoff 1979). Similar bio-microscopic deposits 
at the centre of Descemet's membrane are regarded as evidence of a pathologi-
cal process (cornea guttata). Whether this phenomenon involves changed 
material synthesized by normal endothelium or synthesis of material by a 
transformed endothelium is unknown (Waring et al. 1974; Fine and Yanoff 
1979; Grayson 1979). 
2.2.7 Cell junctions 
Before discussing the anatomy of the endothelium and its cell junctions, a brief 
survey of cell junctions is presented. For this purpose the following literature 
was studied: Muir and Peters 1962; Farquhar and Palade 1963; Overton 1974; 
Loewenstein 1975; Pappas 1975; Ottersen and Vegge 1977; Fine and Yanoff 
1979; Ham and Cormack 1979; Karp 1979. 
Cells in suspension show randomly arranged processes: filopodia. The cells 
seek to establish contact with each other via these filopodia, and start to form 
cell junctions. As the cells come closer together, their filopodia become 
shorter; this is followed by interdigitation of the cell membranes of adjacent 
cells. At some sites the cells are interconnected. These cell junctions have been 
studied mainly in epithelial cells but also occur among other cell types. The cell 
junctions found in vertebrates are subdivided into three main groups: 
Desmosomes (adherent junctions). 
Tight junctions (occluded junctions). 
Gap junctions (nexus). 
2.2.7.1 Desmosomes 
The function of desmosomes is to ensure strong adherence between cells 
exposed to external mechanical forces, and to distribute these forces. The 
desmosomes are subdivided into three subgroups: belt desmosomes (zonulae 
adhérentes), desmosomes (maculae adhérentes) and hemidesmosomes. 
The tonofibrils of a cell form what may be described as an internal cell 
skeleton. These tonofibrils are attached to the cell membrane, and this 
attachment has a certain cytological structure (fig. 2). 
The term desmosome applies when the adjacent cell has a comparable 
structure. The term belt desmosome applies when the attachment of the 
tonofibrils does not end locally but takes a circular course. The term 
hemidesmosome applies when the cell possesses the cytological features of a 
desmosome but is bounded, not by another cell but by a basement membrane. 
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FIG. 2 Schematic representation of various cell junction types. Desmosome (D). helt äesmosome 
(BD), hemtdesmosome (HD), tight junction (TJ), gap junction (GJ). 
Where the tonofibrils (T) attach to the cell membrane, more intensive cytoplasmic densification is 
observed (arrow). On the right, the junctions are shown at high magnification. The double line 
represents a cell membrane. 
The intercellular space in the case of a desmosomal junction measures 20-35 
nm and contains fine filamentous material, which is assumed to serve as 
intercellular cement. Desmosomal cell junctions are found especially in cells 
exposed to some considerable force, e.g. in the skin or the cervix uteri. 
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2.2.7.2 Tight junctions 
The function of tight junctions is to close intercellular spaces of cavities, e.g. 
vascular endothelium and vascular lumen, bladder wall epithelium and 
bladder cavity. This junction prevents exchanges of ions and small molecules 
between lumen and intercellular space. 
Dependent on the degree of necessity of effective separation between lumen 
and intercellular space, fewer or more circular, joined rows of cell junctions are 
formed. In the epithelium of the bladder wall as many as twelve rows may be 
found - far more than in the vascular endothelium, where less effective 
separation suffices and where three rows of tight junctions are often found. 
The cell membranes of the cells with such junctions are fused, and an 
intercellular space is therefore no longer found, even though the cytoplasm of 
one cell remains separated from that of the next (fig. 2). 
In a lining with a thickness of one layer of cells, these types of cell junction are 
localized on the apical side. In light microscopy this functional entity is known 
as terminal bar. 
2.2.7.3 Gap junctions 
Gap junctions are junctions between adjacent cells whose cell membranes lie 
close together (2-4 nm) but do not fuse. The gap is bridged by what may be 
described as canaliculi with an internal diameter of 1.5 nm (fig. 2). Exchange 
between the cytoplasms of the cells involved takes place through these 
canaliculi. This exchange can be of a chemical or of an electrical nature. 
2.2.8 Endothelium 
The endothelium is a lining with a thickness of one layer of cells. Linings of 
serous spaces are generally called mesothelium, while those of blood vessels 
and lymphatics are known as endothelium. Both are of mesodermal origin. 
Some authors describe cells lying adjacent to cavities as squamous epithelium 
(Bloom and Fawcett 1975). Although the proper term for the inner lining of 
the cornea is in fact mesothelium, the term endothelium is so widely used in the 
literature that it will be adopted in this study. Meier (1977) regards this cell 
layer as posterior corneal epithelium. 
At birth, the number of endothelial cells per cornea is about 300,000-500,000 
(Svedbergh and Bill 1972; Bourne and Kaufman 1976; Binder et al. 1980). The 
inner surface area of the cornea measures about 100 mm2, and the cellular 
density therefore varies from 3000 to 5000/mm2. The cells are about 4-5 μ 
thick and have a diameter of 15-30 μ (Binder et al. 1980). In young individuals 
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the nucleus is located centrally in the cell. The apical cell boundary shows a 
regular hexogonal pattern. With increasing age, the nuclei assume a more 
eccentric position in the cells. The apical cell boundary loses its regular 
pattern, and marked interindividual variations develop (fig. 3). This is the 
result from a decrease in the number of endothelial cells per unit of surface 
area, as clearly demonstrated by in-vivo photography of the endothelial cells 
(= specular microscopy) (Kaufman et al. 1966; Laing et al. 1976). 
FIG. 3 Flat preparations of human corneas, silver-stained. A. Donor aged 21. B. Donor aged 45. 
C. Donor aged 80. Compare individual endothelial cell sizes. 
The cell pattern abruptly changes at the line of Schwalbe (fig. 4). The tissue 
posterior to the line of Schwalbe is known as trabecular zone. This zone has a 
sponge-like collagenous structure, in which the spaces are lined with endo-
thelial cells. These spaces end at Schlemm's canal. This zone plays an 
important role in the drainage of aqueous humour. 
The cytostructural features warrant the assumption of an active mechanism of 
transcellular ion transport. This is suggested by the number of mitochondria 
which are unusually long (Hogan et al. 1971; Tripathi 1972; Fine and Yanoff 
1979; Binder et al. 1980; Setälä 1980). The presence of an extensive endoplas-
mic reticulum, moreover, indicates protein synthesis. This synthesis is required 
for the constant synthesis of new Descemet material (Hogan et al. 1971). 
The cell junctions of and between the corneal endothelial cells show some 
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FIG. 4 Flat preparation of a human cornea. Transition from endothelium (top) via the line of 
Schwalbe (arrow) to the trabecular zone (bottom). Donor aged 13. 
differences from those described in subsection 2.2.7. The endothelial cells are 
not attached to Descemet's membrane by hemidesmosomés. The junction 
between the endothelial cells and Descemet's membrane is established by the 
constant production of new Descemet membrane fibres by the endothelium. In 
the absence of hemidesmosomés, the endothelial cells are readily detached 
from their substratum. This will be the case in particular during intraocular 
interventions (Pearce et al. 1969; Waring et al. 1974). The intercellular space 
between endothelial cells measures about 20 nm (Fine and Yanoff 1979). The 
lateral cell boundaries show very intensive interdigitation although no 
desmosomes (maculae adhérentes) are found (Jakus 1961; Kuwabara 1978; 
Fine and Yanoff 1979; Binder et al. 1980). On the other hand, Iwamoto and 
Smelser (1965) reported the presence of an occasional desmosome. 
Gap junctions have been demonstrated between the corneal endothelial cells 
(Iwamoto and Smelser 1965; Ottersen and Vegge 1977; Kuwabara 1978). 
On the apical side of the intercellular space between the endothelial cells, two 
types of cell junction have been demonstrated which separate the intercullular 
space from the anterior chamber of the eye: a belt desmosome (Iwamoto and 
Smelser 1965; Tripathi 1972; Kreutziger 1976; Kuwabara 1978; Fine and 
Yanoff 1979; Binder et al. 1980), and a tight junction (McTigue 1967; Hirsch et 
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al. 1977; Ottersen and Vegge 1977). This functional entity was known as 
terminal bar in light microscopy. Electron-microscopic examination of the 
terminal bar has revealed that it encompasses a belt desmosome and a tight 
junction, with the latter on the side of the lumen (fig. 2). At high magnification 
the endothelial cells can be observed to overlap slightly on the side of the 
lumen. This overlap is known as apical fold (see fig. 47 and 51). 
The cell pattern on the luminal side is hexagonal (figs. 3 and 47). This 
hexagonal pattern is found both in man and in various animal species. 
Svedberg and Bill (1972) divided the corneal endothelium into several areas on 
the basis of findings obtained by scanning electron microscopy. 
Freeze-fracture studies of rabbit corneal endothelium clearly show that the 
regular hexagonal pattern is lost when the fracture is made slightly below but 
parallel with the apical cell surface. This fracture plane is localized below the 
level of the belt desmosome. When the fracture plane is localized at the level of 
the attachment of the endothelial cell to Descemet 's membrane, the insertion is 
observed to have an irregular pattern, resembling a piece of a jigsaw puzzle. 
The basal surface of the endothelial cells shows a complex pattern of 
interdigitation (Hirsch et al. 1977), and the same applies to the lateral cell 
walls. A similar interdigitation of the lateral cell walls is found in man (Jakus 
1961; Kuwabara 1978; Fine and Yanoff 1979; Binder et al. 1980). 
2.3. PHYSIOLOGY 
The stroma is made up of tidily arranged collagenous fibres. The periodicity of 
this endothelial collagen is 64-66 nm (Jakus 1961) and is typical of collagen. 
Several fibres together form a band, and these bands are in turn interlocked 
and together form what may be described as an internal skeleton of the cornea. 
The physicochemical properties of the corneal collagen are identical to those 
of cutaneous or tendinous collagen (Waltman 1981). The spaces between the 
corneal collagenous fibres are filled with a ground substance which consists of 
glucosamine glycans (mucopolysaccharides), proteins and keratocytes. The 
glucosamine glycans account for 4-4.5% of the dry weight of the cornea 
(Waltman and Kaufman 1970). These glycans can be subdivided into three 
groups: keratin sulphate (50%), chondroitins (25%) and chondroitin sulphate 
A (25%). 
The glucosamine glycans are not found in the sclera. It is therefore logical to 
associate these substances with the clearness of the cornea (Waltman and 
Kaufman 1970). The chondroitin fraction is found exclusively in the cornea. 
The cornea, as an important part of the refractory system, should be clear and 
transparent. The clearness of the cornea is largely determined by the collagen 
structure on the one hand, and by an appropriate degree of hydration on the 
other. 
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The collagenous fibres are so arranged as to interfere as little as possible with 
the passage of light rays through the cornea. Light scatter is minimized by a 
proper spacing of the collagenous fibres. When these fibres are spaced less 
than one wavelength apart, the cornea remains clear because the scattered light 
rays extinguish each other by interference (Maurice 1957, 1960). When the 
fibres are spaced further apart, extinguishing interference no longer occurs. In 
fishes, the regular structure of the collagenous fibres of the cornea seems to 
play a less important role (Goldman and Benedek 1968). 
The collagenous fibres themselves are embedded in a ground substance which 
contains glucosamine glycans. It is a typical characteristic of glucosamine 
glycans that they are able to behave like anions. This enables them to bind 
cations and, indirectly, water. The entire ground substance can therefore be 
regarded as a lyophilic colloidal system, which is subject to various physical 
and chemical influences (Waltman 1981). 
The mechanism by which the collagenous fibres are tidily arranged and 
properly spaced (thus ensuring optimal optic function) is exceedingly complex. 
Under optimal conditions the stroma has a particular degree of dehydration. A 
regulatory system must ensure that the amount of fluid which is removed from 
the cornea equals the amount of fluid which enters it. 
Beside the lyophilic colloidal system, electrolytic and osmotic balances between 
the cornea on the one hand and aqueous humour and tear fluid on the other 
play an important role in this regulatory mechanism (Mishima and Hedbys 
1967). Both the epithelium and the endothelium play a role in maintaining an 
appropriate degree of corneal dehydration. 
Intactness of these two layers is of importance for the optimal optical function 
of the cornea. This applies in particular to the endothelium. Lesions of the 
endothelial layer exert more influence on corneal hydration than lesions of the 
epithelium (Maurice and Giardini 1951). Evaporation of water on the epithelial 
side of the cornea plays an important role in the regulatory mechanism by 
which the proper degree of dehydration of the rabbit cornea is maintained 
(Von Bahr 1956; Mishima and Maurice 1961). This evaporation also plays a 
role in the human cornea. In patients with epithelial-endothelial dystrophy 
(cornea guttata, Fuchs' dystrophy), stromal oedema increases when the eyes 
have been closed for a considerable time, e.g. during sleep, and evaporation 
has been impaired by the closed eyelids (Cogan 1949). Apart from all the 
abovementioned factors, intraocular pressure also influences the degree of 
hydration of the corneal stroma. 
The influence of the endothelium on the regulatory mechanism can be divided 
into an energy-independent (passive) and an energy-dependent (active) system. 
The passive system of regulation prevents an unlimited free influx of fluid to 
the stroma. This influx of fluid, small particles and nutrients to the stroma 
takes its course via the intercellular spaces (Kaye and Pappas 1962; Kaye et al. 
1962; Rehm and Spagler 1976). This passive barrier function is correlated to 
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intactness of the tight junctions. Experiments in which calciumfree fluid was 
introduced into the anterior chamber, have demonstrated that the tight 
junctions are functionally damaged, with oedema of the corneal stroma as a 
result (Kaye et al. 1968, 1973, 1973a). This damage is reversible to a certain 
extent. 
The passive barrier funtion can be measured in vivo with the aid of fluorescein 
as marker (Waltman and Kaufman 1970; Mishima 1975). In a group of 
patients with endothelial-epithelial dystrophy (cornea guttata, Fuchs' dystro-
phy), this passive barrier function was found to be reduced (Ota 1975; Burns et 
al. 1981); and the same was found in a group of patients given a corneal graft 
(Sato 1978). 
The endothelium also plays an active role in removing fluid from the stroma 
(Maurice 1972). This process is based on pinocytosis (Kaye and Pappas 1962; 
Kaye et al. 1962). The pump mechanism utilizes ATP as source of energy. In 
addition to the Na-K pump mechanism, the bicarbonate ion plays an 
important role (Hodson 1977; Waltman 1981). This pump mechanism can be 
influenced by medication and by a decrease in temperature. In both cases the 
result is that not enough fluid is actively removed from the stroma with, as a 
result, stromal oedema. 
The effect of the temperature is entirely reversible, provided sufficient glucose 
is present during the decrease in temperature. Once the proper corneal 
temperature is restored, dehydration is normalized (Harris 1960). The efflux of 
fluid from the cornea also removes metabolic waste products from the stroma. 
This (briefly described) complex regulatory mechanism to ensure the appro-
priate degree of corneal dehydration is required for an optimal optical 
function of the cornea. The regulatory role of the corneal endothelium is of 
central importance in this respect. Any lesion of the vulnerable endothelial 
layer sooner or later has its effect on the complex regulatory mechanism 
described. Lesions of any importance are bound to give rise to reversible or 
irreversible corneal oedema due to loss of this regulatory function of both the 
passive and the active part of the endothelial layer. 
2.4 WOUND HEALING 
Before discussing wound healing in general and corneal endothelial wound 
healing in particular, a brief survey of the cell cycle should be presented. 
2.4.1 Cell cycle 
The genetic codes of the cell are stored in the DNA. They are bundled to 
chromosomes and localized in the cell nucleus. In a population of dividing 
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cells, the chromosomes can be observed in a number of cells in a particular 
phase, i.e. the phase of nuclear division. Two phases of this type are separated 
by a period known as interphase. 
When a cell divides, the daughter cells are identical to the mother cell. To 
ensure this, all genetic codes stored in DNA material have to be duplicated. At 
the same time the cytoplasm and the cytoplasmic organoids must be duplicated, 
and in this respect the messenger RNA and the RNA stored in ribosomes-play 
an important role. Cell division (cytokinesis) is preceded by nuclear division 
(karyokinesis or mitotic division). 
In cell divisions in higher animal species, duplication of the DNA material 
takes place first and is followed by nuclear division. The normal diploid cell 
temporarily becomes tetraploid. After nuclear division the two nuclei are 
diploid again. 
For detailed studies of the process of cell division, autoradiographic tech­
niques are used (Hughes 1958; Leblond et al. 1959) which usually make use of 
radioactive thymidine. Both DNA and RNA possess four nucleosides. The two 
nucleic acids have three nucleosides in common: adenine, guanine and 
cystosine. The fourth nucleoside of DNA is thymidine, while that of RNA is 
uracil. 
The period between two mitoses is known as interphase. In autoradiographic 
research investigating the interphase, tritium thymidine is offered to the cell 
culture or test animal. The cells to be studied take this labelled precursor up 
and incorporate it in the duplicated DNA. The test material is placed on a 
slide, fixed and then dipped in a liquid film emulsion. The film emulsion is thus 
exposed to the radioactivity incorporated in the DNA material. After develop­
ment, the exposed parts of the film emulsion become visible as black dots (fig. 
5). 
When the material has been after-stained, the location of the radioactive 
material in the cell can be studied. In the case of DNA synthesis, black dots are 
localized above the nucleus. The resolving power at the range of radiation of 
tritium thymidine is about 1-3 μ (Leblond et al. 1959), and this is sufficient to 
study the incorporation of tritium thymidine at the cellular level. 
Apart from the interphase, the four principal chromosomal configurations 
FIG. 5 Schematic representation of autoradiography. The film emulsion is exposed to the 
radioactive material in the tissue examined, beneath the ßlm emulsion. 
Silvergrams developed in 
Emulsion ι / emulsion 
Radioactive label in specimen 
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Anaphase 
FIG. 6 Schematic representation of the cell cycle. G-l is the first gap phase, S is the DNA-
synthesizing phase, G-2 is the second gap phase. M is the mitotic phase, which is subdivided into 
prophase, melaphase, anaphase and telophase, in chronological order. The chromosomal 
configurations during the various subphases of the M phase are represented schematically. 
which occur during the mitotic phase were already known. The above 
described autoradiographic technique revealed that the interphase can be 
divided into three phases (fig. 6). 
The central phase of the interphase is the DNA-synthesizing phase (S phase); it 
lies between two phases in which no DNA synthesis takes place during 
autoradiographic studies: the so-called gap phases. The first gap phase (G-l) 
lies between the mitotic phase (M phase) and the S phase. This G-l phase can 
be subdivided (into G-0 and G-l), but for the sake of simplicity this 
subdivision will be omitted. In the G-l phase the cell is diploid. The second gap 
phase (G-2) lies between the S phase and the M phase. During this phase, no 
DNA is synthesized either. In this phase the cell is tetraploid. 
In the higher animal species, most cells not involved in the mitotic cycle are in 
the G-l phase, and diploid (Leuchtenberger et al. 1954). 
The cells can be classified by various methods, one of which is based on their 
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cell cycle and ability to leave the G-l phase and enter the S phase (Ham en' 
Cormack 1979). This classification distinguishes the following groups. 
Group 1. Cells which are always in the G-l phase. No stimulus of any kind can 
induce them to leave the G-l phase and enter the S phase. An example of this 
cell type is found in the nerve cells. 
Group 2. Cells which under normal conditions are in the G-I phase and 
constitute part of a grown organ. Under these conditions these cells show but 
little spontaneous mitotic activity. When the organ is damaged, however, these 
cells leave the G-l phase and enter the S phase, begin to synthesize DNA and 
complete the cell cycle. This process is arrested when the normal parenchymal 
mass of the organ is restored. An example of this cell type is the liver cell. 
Group 3. Cells which are constantly in a cell cycle. One daughter cell dif-
ferentiates and assumes a specific function, while the other daughter cell 
remains in the mitotic cycle as stem cell. Examples of this cell type are the 
germinitive epithelial cells and the stem cells of the erythropoietic and 
myelopoietic series. 
It can be maintained in general that in higher animal species the S phase is 
followed by the M phase (Ham and Cormack 1979; Karp 1979). However, 
exceptions to this rule have been described. 
Gelfant (1963) demonstrated that some mouse epidermis cells are in the G-2 
phase. He established this by determining the DNA content per cell. He 
assumed that these cells might function in a primary restorative mechanism. 
The cells can divide immediately after damage, without first synthesizing 
DNA, and thus contribute to accelerated wound healing. 
Other types of division, which do involve karyokinesis but not true cell 
division (cytokinesis), are found exclusively in plants and primitive animal 
species (Prescott 1976). This type of cell division proves to play no role in 
animal cells, with the possible exception of tumour cells. Other types of DNA 
synthesis were observed and studied especially in plants (Prescott 1976). In 
higher animal species, no nuclear division takes place until DNA synthesis is 
first completed. The only exception is the formation of haploid sex cells 
(meiosis), which involves true nuclear division and cell division without 
previous duplication of the DNA material. After fusion of the gametes, a 
diploid cell forms. 
Under certain conditions DNA synthesis can take place outside the S phase, 
e.g. to restore damaged DNA after ultraviolet irradiation or exposure to cold 
(Rasmussen and Painter 1966; Pele and Viola-Magni 1969). DNA synthesis 
was demonstrated in human corneal endothelium after ultraviolet irradiation 
(Grabner and Brenner 1981). 
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When a test animal is injected with tritium thymidine, the thymidine not 
incorporated in DNA is quickly broken down after the injection, and its 
excretion is virtually complete within an hour (Leblond et al. 1959; Potter 
1959; Rubini et al. 1960; Claever 1967), whereas re-incorporation of thymidine 
is only limited under normal conditions (Bryant 1962; Diderholm et al. 1962). 
Injection of tritium thymidine into the anterior chamber of the rabbit eye is 
followed by its exponential removal from the aqueous humour. The concentra-
tion demonstrable after an hour is only 10% (Maenza and Harding 1962). 
2.4.2 General introduction to wound healing 
Wound healing has been studied in detail especially in the epithelium of the 
skin. The healing process which occurs after a skin lesion takes its course in 
accordance with a particular reaction pattern. In principle, this complete 
reaction pattern is observed in al types of epithelium. 
In the skin - a stratified epithelium - the wound begins to fill with blood 
immediately after the trauma (Pollack 1979; Haferkamp 1980). A fibrin 
network is formed which seals the wound. The morphology and function of 
the adjacent vital epithelial cells change within 12 hours. The cells become 
flatter, cell junctions are in part disrupted, and the cells arrange themselves in a 
less tight pattern, so to speak (Ortonne et al. 1981). 
The cells start to show ruffled borders due to pseudopodium-like cytoplasmic 
processes. The cytoplasm itself is also subject to changes, and filaments with a 
diameter of 4-8 nm begin to be formed. These filaments, which selectively bind 
anti-actin antibodies, are observed only during the healing process. 
These findings suggest that this apparatus of contractile microfilaments 
enables the cells to migrate. This migration takes place in a manner reminiscent 
of the amoeba. Once these changes have occurred in the cytoplasm, the normal 
specialized function of the cell ceases. The normal specialized function of the 
epithelial cell is keratin formation. 
The cell develops new activities which are required for the process of 
migration, and prepares itself for DNA synthesis. The mechanism of this 
activation is still obscure. The loss of cell junctions (and consequently possibly 
the disappearance of 'contact inhibition') seems to be one of the principal 
factors involved. Once the migrating and dividing epithelial cells have covered 
the wound, they form new cell junctions and resume their original morphology 
and physiology (Ortonne et al. 1981). Mitotic activity is maximal 48 hours 
after the trauma, and rapidly diminishes as soon as the wound is epithelialized. 
Fibroblasts need more time to migrate into the wound (about 72 hours). 
Collagen synthesis begins on the 5th day. This first period of 5 days is known 
as lag phase; this phase is characterized by epithelialization but shows no 
collagen synthesis as yet. 
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The phase in which collagen synthesis takes place is known as fibroplastic 
phase. The maximum of collagen synthesis is seen on the 7th day. The amount 
of collagen formed is dependent in part on the force applied to the wound 
(Pollack 1979). 
The primarily synthesized collagenous fibres are still arranged at random. 
Their re-arrangement is determined by forces which act on the wound. Once 
water and glucosamine glycans have left the wound, the collagenous fibrils are 
compressed, and this leads to cross-linking and consequently more intensive 
interfibrillar contact. 
Lower animal species reduce the surface area of the wound in order to effect 
more rapid epithelialization. They achieve this by contractions of subcutaneous 
muscle fibres which form the panniculus carnosus. Man possesses only a 
vestige of the panniculus carnosus; moreover, the human skin is not sufficiently 
mobile to be effective in this aspect of wound healing. 
Modified fibroblasts are found in the granulation tissue of open wounds 
(Rudolph 1979). These cells contain contractile proteins. These myofibroblasts 
reduce the wound surface area by contraction, so that re-epithelialization can 
take place as quickly as possible. Myofibroblasts are found in granulating 
wounds and, to a lesser extent, in well-adapted and closed wounds (Ryan et al. 
1974). The myofibroblast shares characteristics with both the fibroblast and 
the smooth muscle cell. It is therefore able to synthesize collagen as well as to 
contract. Collagen as such cannot contract. It is passively moulded to a certain 
shape by contraction of the myofibroblast and consolidates in that shape while 
the cross-linking takes place. In phylogenetic terms, the myofibroblast would 
seem to compensate the absence of a panniculus carnosus. 
However, many other factors also influence this (briefly described) wound 
healing process (Pollack 1979a, 1979b). The general principles of wound 
healing apply to all kinds of epithelial lining. In this respect the cornea differs 
from the skin only by its avascularity. However, the aqueous humour assumes 
the function which the blood supply has in the healing of skin lesions. 
2.4.3 Corneal wound healing 
The monolayers which line the blood vessels, lymphatics and serous cavities 
are histologically regarded as simple squamous linings (Bloom and Fawcett 
1975). Meier (1977) regards the endothelium as a posterior corneal epithelium. 
2.4.3.1 Endothelium 
In the young adult rabbit - the test animal most widely used in research 
concerning the cornea - surrounding vital endothelial cells begin to migrate 
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into the wound after an endothelial injury. This process commences within 5-7 
hours (Paure et al. 1971; Sperling 1978; Binder et al. 1980). Specular 
microscopy (Maurice 1968; Bourne et al. 1976) makes it possible to observe 
that this process commences more rapidly in vivo (Sherrard 1976; Olson et al. 
1978). 
It seems as if the vital endothelial cells start to form pseudopodia which enable 
them to migrate into the wound area by means of an amoeboid movement 
(Binder and Binder 1957; Chi et al. 1960; Polack 1975; Khodadoust and Green 
1976). During this process the basal cell surface area increases, and the cells 
become flatter. The formed cytoplasmatic processes give the endothelial cells a 
fibroblast-like appearance (Binder and Binder 1957; Chi et al. 1960; Stocker 
1971; Michels et al. 1972; Matsuda and Smelser 1973, 1973a; Polack 1975; 
Doughman et al. 1976; Kenyon et al. 1976; Khodadoust and Green 1976; Van 
Horn et al. 1977; Fine and Yanoff 1979; Silbert and Baum 1979; Waller 1980; 
Renard et al. 1981). This change in the morphology of endothelial cells is 
observed also in graft reactions of corneal grafts (Polack 1977). 
In rabbits, the endothelial wound is re-endothelialized within 2-9 days, 
depending on its size. Long cell processes of migrating endothelial cells cross, 
but the cells nevertheless remain in contact. During the process of cell 
migration the cell processes gradually diminish in size, and the cell bodies 
come closer together again. When the wound is covered with endothelium, the 
endothelial cells lose their fibroblast-like appearance (Matsuda and Smelser 
1973; Waring et al. 1974; Polack 1975; Van Horn and Hyndiuk 1975; 
Doughman et al. 1976; Khodadoust and Green 1976; Van Horn et al. 1977; 
Binder et al. 1980; Fujikawa et al. 1980; Renard et al. 1981). 
When the cell bodies are sufficiently close together again, new cell junctions 
can be formed (Hirsch et al. 1975). Desmosomes and tight junctions are 
formed within 5 days after infliction of the wound, and gap junctions form 
slightly later (Van Horn and Hyndiuk 1975; Hirsch et al. 1976; Renard et al. 
1976). 
Endothelial function is usually restored 4-5 days after histological restoration 
(Baum and Silbert 1978). 
A similar process of formation of new cell junctions is observed in the healing 
process of liver and skin wounds (Loewenstein and Penn 1967; Loewenstein 
1978). 
The endothelial cells in the wound and in the area around it, show an irregular 
appearance (pleiomorphism), in contrast to the endothelium further away 
from the wound and not immediately involved in wound healing (Kara Jose et 
al. 1972). These more distant cells present their normal hexagonal pattern 
(Kara Jose et al. 1972; Yano and Tanishima 1980); and the wound also 
resumes a virtually normal appearance, but after a longer time (Tost et al. 
1968; Hirsch et al. 1976; Khodadoust and Green 1976; Sherrard 1976; Yano en 
Tanishima 1980). This process of reallocation has been observed in man in 
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vivo with the aid of specular microscopy (Rao et al. 1978, 1980; Olsen 1981), 
and in test animals by means of scanning electron microscopy (Van Horn and 
Hyndiuk 1975; Van Horn et al. 1977), with silver staining (Hirsch et al. 1975, 
Yano and Tanishima 1980) and with nuclearstraining (Capella 1972). 
It has been established in rabbits that, apart from the mechanism of migration 
described, the corneal endothelium is capable of proliferation as part of wound 
healing (Binder and Binder 1957; Morton et al. 1958; Chi et al. 1960; Mills and 
Donn 1960; Bito and Harding 1961; Von Sallmann et al. 1961; Von Sallmann 
et al. 1963; Chi and Kelman 1966; Sommerville and Shea 1966; Tost et al. 
1968; Carreras and y Jordano 1974-1975; Hirsch et al. 1975; Renard et al. 
1976; Van Horn et al. 1977; Fujikawa et al. 1980, Yano and Tanishima 1980). 
A correlation has been established between age and proliferative activity (Von 
Sallmann et al 1961; Oh 1963; Staatz and Van Horn 1980). Amitotic cell 
division and the development of giant cells have been observed in the process 
of endothelial wound healing (Paure et al. 1971). 
Primates, including man, are assumed to differ from the rabbit in that corneal 
endothelial wound healing in these species involves only the mechanism of cell 
migration (Van Horn and Hyndiuk 1975: non-human primate, scanning 
electron microscopy; Doughman et al. 1976: human corneas in vitro, 
scanning electron microscopy; Capella 1972: primate and rabbit, nuclear 
staining of a flat endothelial specimen; Renard et al. 1981: human corneas 
scanning electron microscopy; Kaufman et al 1966: human corneas, nuclear 
staining of a flat endothelial specimen; Kaufman and Katz 1977: human 
corneas, specular microscopy; Stocker 1971: non-human primate, cross-
sections). 
Precisely because there is no proliferation of corneal endothelium in monkeys 
and cats, these animals should be more suitable as test animals to imitate the 
human situation (Van Horn et al. 1977; Gospodarowicz et al. 1979). 
Weimar et al. (1980) found that acceleration of corneal endothelial wound 
healing could be induced in cultured rabbit corneas with mesodermal growth 
factor. It was also found possible to stimulate the healing of corneal 
endothelial wounds in cultured bovine corneas with fibroblast growth factor 
(Gospodarowicz and Greenburg 1979). Autoradiographic techniques were 
used to demonstrate that the corneal endothelium of rats and frogs is able to 
synthesize DNA (Gordon and Rothstein 1978). 
In rats, healing of an endothelial wound in the aorta involves cell migration in 
the initial phase, which is subsequently supported by proliferation (Schwartz 
et al. 1978). 
In-vitro experiments with cultured human corneas yielded indications which 
were at odds with the currently accepted view that the corneal endothelium of 
primates, including man, is incapable of proliferation. Experiments with 
cultured human corneas revealed accelerated healing of endothelial wounds 
after stimulation with mesodermal growth factors. Both mitotic and amitotic 
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cell division patterns were observed in the wounds (Squires and Weimar 1980). 
Fabricant et al. (1981) demonstrated that human corneal endothelium con-
tains receptors for epidermal growth factors. Zagorski (1980) observed mitotic 
figures during human corneal endothelial wound healing not stimulated with 
growth factors. The culture medium, however, did contain calf serum. 
DNA synthesis has been demonstrated as a feature of corneal endothelial 
wound healing in cultured human corneas (Simonsen et al. 1981) and in vivo in 
monkeys (Gloor et al. 1980). Wolter (1967) described proliferation of human 
corneal endothelium in histopathological sections after purulent keratitis and 
ulceration. But he did not describe mitotic figures. 
An age correlation was established in the successful tissue cultering of human 
corneal endothelial cells (Baum et al. 1979). 
A study of wound healing in confluent monolayers of cultured human 
endothelial cells from umbilical blood vessels reveals that a process of 
migration starts within 12 hours after infliction of the wound. Wound healing 
is supported by proliferation of endothelial cells after 36 hours. The start of the 
process of proliferation can be inhibited by exposing the endothelial culture to 
irradiation with 1500 Rad. one hour before the wound is inflicted. This 
irradiation exerts no influence on the process of migration (Sholley et al. 
1977). 
2.4.3.2 Stroma 
Immediately after infliction of a wound the defect is filled with a fibrin plug 
(Binder et al. 1980; Goder 1980). The keratocytes in the immediate vicinity of 
the wound degenerate completely. The wound area becomes oedematous. The 
keratocytes at the margin of the wound area are transformed and assume a 
fibroblast-like appearance. This transformation takes place 12-24 hours after 
infliction of the wound (Binder et al. 1980). The fibroblasts migrate into the 
wound area and reach the stromal defect proper after about 2-3 days. This is 
when the production of glucosamine glycans and collagen begins. The 
keratocytes further away from the wound present a normal appearance. 
The peak of protein synthesis and of proliferative activity occurs between the 
5th and the 14th day. After this period, proliferation and protein synthesis 
gradually diminish and the stromal wound slowly attains its ultimate strength. 
Proliferation can be accelerated by application of growth-stimulating substan-
ces (Smith et al. 1981). 
2.4.3.3 Combined endothelial and stromal wound 
In a combined endothelial and stromal wound, individual wound healing as 
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described in paragraphs 2.4.3.1 and 2.4.3.2 begins simultaneously. Other, 
additional factors now also play a role as determinants of the ultimate result. 
Wound adaptation in the deeper layers plays an important role. In particular 
the deeper layers of the stromal wound form a major barrier in endothelial 
wound healing because Descemet's membrane is absent at this level (Hinzpeter 
and Naumann 1977; Gospodarowicz and 111 1980). The importance of the 
proper substratum for migrating cells was demonstrated by Yaoi (1972) and 
Yaoi et al. (1972). 
Human corneal endothelium is capable of migrating across a stromal wound. 
This was observed in wound healing after aqueous humour invasion in a 
patient with keratoconus (Stone et al. 1976). 
Good adaptation of the deeper wound layers should be followed by rapid re-
endothelialization (Heller et al. 1971; Sanchez et al. 1974; Eve and Troutman 
1976). An undisturbed course of this process also contributes to reduction of 
late complications after corneal grafts (Witmer 1980). It enables the intact 
endothelial layer to resume its function: regulation of the degree of corneal 
dehydration. The oedema in the wound area consequently decreases, and 
synthesis of Descemet material is resumed. A new Descemet membrane is then 
deposited over the deep stromal wound. (Smelser and Ozanics 1972; Leuen-
berger et al. 1973; Waring et al. 1974; Yue et al. 1978). 
The proliferative activity of the stromal component diminishes as soon as re-
endothelialization is completed (Rycroft 1965; Brown and Kitano 1966; 
Sherrard and Rycroft 1967, 1967a; Kurz and D'Amico 1968; Sherrard 1969; 
Smith 1970; Werb 1972; Lemp 1976; Hinzpeter and Naumann 1977; Sanchez 
and Polack 1978). 
An inhibitory effect of re-endothelialization of an endothelial wound has also 
been observed in the intima of blood vessels (Haudenschild and Schwartz 
1979). 
Poor adaptation of deeper wound layers impedes rapid re-endothelialization 
the more so when many endothelial cells have been lost in the trauma. The 
number of endothelial cells lost around the stromal wound in an important 
determinant of the ultimate result (Moore and Aronson 1973). In such cases, 
no inhibitory effect on the granulation process of the stromal wound healing 
components occurs by the re-endothelialization, and consequently this granu-
lation tissue contributes to the formation of a retrocorneal membrane (Werb 
1972; Lemp 1976; Hinzpeterand Naumann 1977). Histopathologicalexamini-
nation of unsuccessful corneal grafts nearly always reveals a disturbance in the 
deeper layers of the cornea, and often also retrocorneal membranes (Chi et al. 
1962; Hales and Spencer 1963; Rycroft 1965; Brown and Kitano 1966; Kurz 
and D'Amico 1968; Winter 1969; Smith 1970; Kanai et al. 1972; Hinzpeter and 
Naumann 1977; Knöbel and V. Damarus 1979; Lahav and Cadet 1979). 
A combined wound in fact involves a degree of competition of two wound 
healing processes: that of the lining tissue and that of the underlying tissue. 
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The lining tissue must fight against time, so to speak. The crucial question is: 
can it cover the wound surface before the granulation process of the 
underlying tissue disturbs the ideal healing process? A similar competition 
between two types of tissue is observed in the healing of a peripheral nerve 
lesion (Ham and Cormack 1979). 
For a better understanding of postoperative complications after a corneal 
graft, a better understanding of the corneal wound healing process is required. 
More specifically the healing process in the deeper wound layers was studied in 
this thesis. In adult monkeys, the peroperative endothelial cell loss during a 
corneal graft procedure was studied. In the subsequent wound healing process, 
the deeper wound layers were specifically studied. Next, the components of the 
healing process of a purely endothelial wound were studied. This was done in 
adult monkey corneas in vivo, in human corneas in vitro, and in human 
corneas in vivo. 
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CHAPTER 3 
MATERIAL AND METHODS 
3.1 MATERIAL 
The study was divided into three parts: 
In-vivo corneal endothelial wound healing in non-human primates (3.1.1). 
In-vitro human corneal endothelial wound healing (3.1.2), studied in 152 
corneas. 
In-vivo human corneal endothelial wound healing (3.1.3), studied in two 
patients. 
Parts 3.1.2 and 3.1.3 were carried out at the Bascom Palmer Eye Institute, 
Department of Ophthalmology, University of Miami School of Medicine, 
Miami, Florida, USA (Head: E.W.D. Norton, M.D., Professor and Chair­
man). 
For part 3.1.3 we obtained permission from the Medical Sciences Subcom­
mittee (R-64) for the protection of human subjects, office of research 
administration. School of Medicine, University of Miami, Florida (protocol 
number 81/10). 
3.1.1 In-vivo corneal endothelial wound healing in non-human primates 
Nine primates (Macaca mulatta) were used in this part of the study (see table 
3.1.1). They had been captured as young wild adults and had since been kept 
for at least 9 years at the animal laboratory of the University of Nijmegen. At 
the time of the experiments the animals must have been 11-14 years old. The 
maximum age reached by this species averages 25-30 years, and the monkeys 
used can therefore be described as primates of adult to middle age. 
All animals used in the study were sacrificed by means of an overdose of 
barbital upon completion of the experiments. 
TABLE 3.1.1 In-vivo corneal endolhelial wound heating in non-human primates 
3.1.1.1 Endothelial loss and wound healing after corneal allograft. 
3.1.1.2 Endothelial wound healing. 
3.1.1.3 Endothelial wound healing after corneal autograft. 
Autoradiography of the flat corneal endothelial specimens was performed in 
groups 3.1.1.2 and 3.1.1.3. For this purpose, 50 μΐ fluid containing 10 ¿¿Ci 
tritium thymidine (spec.ac. 26 Ci/mmol, Amersham) was injected into the 
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anterior chamber of the eye with a 30 gauge needle. This was done under 
general anaesthesia, 1 hour before completion of the experiment. To prevent 
leakage of radioactive material, the fluid was slowly injected in the course of 
two minutes. The experiment was completed when the tritium thymidine had 
been in contact with the wound for 1 hour. 
3.1.1.1 Endothelial loss and wound healing after corneal allograft 
In this group of four monkeys (74, 75, 87 and 98), a 5 mm corneal graft was 
performed, unilateral in two animals and bilateral in the other two (see table 
3.1.1.1). The operation was performed under general anaesthesia with pento-
barbital, nitrous oxide and oxygen, and intubation anaesthesia. 
Donors: 
The donor material was obtained from the same species. The donor animals 
were sacrificed to obtain the tissue required for virus culture (National 
Institute of Public Health, Utrecht). 
The eyes were enucleated and immediately sent to the animal laboratory of the 
University of Nijmegen. During transport the temperature of the container 
with the enucleated eyes was kept constant at 4°C. In this way the donor tissue 
could be transplanted within 6 hours in all cases. After arrival the cornea with 
a scleral rim of 2 mm was removed from the eyeball, and a 5 mm graft was 
punched out from the endothelial side. 
Grafting technique: 
After bridling of the superior and inferior rectus muscles, a central corneal disc 
with a diameter of 5 mm was removed by trephination and cutting. The donor 
disc was sutured in situ with 4 stitches (Alcon 10-0). The graft was definitively 
fixed in position with a continuous suture (Alcon 10-0). 
This continuous suture was placed immediately above Descemet's membrane, 
without pearcing it. To prevent irritation from the knot, this was buried 
beneath the conjunctiva after adequate tautening and knotting of the con-
tinuous monofil. During the making of the continuous 10-0 suture the 4 
situation stitches were removed. At the end of the operation the anterior 
chamber was brought to the proper depth with a balanced salt solution, 
making sure that no anterior synechiae were present. A Zeiss operation 
microscope was used. A single application of chloramphenicol eye ointment 
completed the operation. 
At the end of the period of observation (see table 3.1.1.1) the animal was 
sacrificed and both eyes were removed immediately. The endothelial defects 
were studied after removing the entire cornea with a scleral rim of 2 mm from 
the eyeball and staining the endothelium with a 0.5% trypan blue solution 
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(vital stain) during 90 seconds. The endothelial lesions were photographed, 
whereupon the cornea was fixed in 2% glutaric aldehyde at 4° С for further 
examination with the scanning electron microscope. 
To minimize dehydration during photography, the cornea was regularly 
moistened by immersion in a balanced salt solution. Despite these precautions 
an occasional dehydration artefact could not be prevented. 
For light-microscopic examination a corneal segment was so cut off that a part 
of the graft was included, and processed. 
The corneas of the two untreated eyes were removed and stained with silver, 
whereupon a flat endothelial specimen was prepared. These corneas served as 
controls for parts 3.1.1.2 and 3.1.1.3 of the study. The inner surface of the 
cornea was studied 0, 0, 0, 4, 8 and 28 days after the operation, respectively 
(see table 3.1.1.1). 
TABLE 3.1.1.1 Non-human primates given a 5 mm corneal graft. OD = right eye. OS = left eye. 
Number 
74 OD 
74 OS 
75 OD 
75 OS 
87 OD 
87 OS 
98 OD 
98 OS 
Corneal graft 
X 
control 
X 
X 
X 
X 
X 
control 
Period of 
observation 
in days 
8 
28 
0 
4 
0 
0 
Trypan 
blue 
X 
X 
X 
X 
X 
X 
Processing technique 
SEM* 
X 
X 
X 
X 
X 
X 
Cross-
sections 
X 
X 
X 
X 
X 
X 
* Scanning Electron Microscopy 
3.1.1.2 Endothelial wound healing 
For further study of the wound healing pattern observed in 3.1.1.1, two further 
experiments were performed to establish whether the endothelial healing 
involved DNA synthesis as an expression of proliferation. For this purpose the 
silver staining was combined with autoradiographic examination (see table 
3.1.1.2). 
Mechanical lesion: 
In this group of two monkeys (81 and 82), the question whether the endothelial 
wound healing involved DNA synthesis was studied. A limbal incision was 
made in the cornea under general anaesthesia (for technique, see 3.1.1.1). A 
curved lacrimal probe with a diameter of 1 mm was inserted into the anterior 
chamber. The tip of the probe was used to produce an endothelial lesion in the 
central part of the cornea, whereupon the incision was closed with two stitches 
(Alcon 10-0). A single application of chloramphenicol followed. 
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TABLE 3 1 1 2 Non-human primales m vthich the healing of a mechamcallv mduied corneal 
endothelial и ound was studied. OD = right e\e Os = left e\ e 
Number 
81 OD 
81 OS 
82 OD 
82 OS 
Mechanical 
wound 
X 
X 
X 
X 
Period of 
observation 
in days 
3 
1 
2 
0 
Processing technique 
Silver 
staining 
X 
X 
X 
X 
Autoradio­
graphy 
X 
X 
X 
X 
The animals were sacrificed and the eyes removed, whereupon the cornea with 
a scleral rim of 2 mm was dissected out and stained with silver. Autoradio­
graphy of the flat specimen followed. Specimen 81 OS was after-stained with 
methyl green/pyronine (McMannus and Mowry 1960). Wound healing was 
studied after 0, 1, 2 and 3 days (see table 3.1.1.2). 
3.1.1.3 Endothelial wound healing after corneal autograft 
In this group of 3 monkeys (72, 78 and 89), a 5 mm corneal graft was 
performed under general anaesthesia as described in 3.1.1.1 (see table 3.1.1.3). 
A central corneal disc was trephined and dissected free, and then stitched in 
position again. The operative technique was the same as that described in 
3.1.1.1. 
TABI F 3.1.1 3 Non-human primates given a 5 mm corneal autograft OD = right eve OS = left 
eve 
Number 
72 OD 
72 OS 
78 OD 
78 OS 
89 OD 
89 OS 
Corneal 
graft 
X 
X 
X 
X 
X 
X 
Period of 
observation 
in days 
2 
6 
3 
0 
13 
1 
Processing technique 
Silver 
staining 
X 
X 
X 
X 
X 
X 
Autoradio­
graphy 
X 
X 
X 
X 
X 
X 
The animals were sacrificed at the end of the period of observation and both 
eyes were removed, whereupon the cornea with a scleral rim of 2 mm was 
dissected out. The cornea was stained with silver, and this was followed by 
autoradiography of the flat corneal specimen. Wound healing was studied 
after 0, 1, 2, 3, 6 and 13 days. 
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3.1.2 In-vitro human corneal endothelial wound healing 
All corneas were obtained by courtesy of the Florida Lions Eye Bank, Miami 
(Med. director: V T. Curtin, M.D.), within 24 hours of death. The donor age 
ranged from 1 to 76 years (for specific data, see section 2 of chapter 4). 
The corneas were used in nine different experiments (see table 3.1.2) 
TABLE 3 1 2 Human corneas in which the healing of an endothelial v¡Ound waï studied 
Experiment 
3 1 2 1 
3 1 22 
3 1 2 3 
3 1 24 
3 1 2 5 
3 126 
3 1 27 
3 1 28 
3 1 29 
Number of 
corneas 
14 
11 
20 
44 
10 
20 
16 
10 
7 
Purpose 
Standardization of 
endothelial wound 
Controls 
DNA synthesis'' 
DNA synthesis and'or 
mitosis 
Autoradiographically 
positive mitotic figure 
Qualitative difference in wound 
healing between a mechanical and 
a cryo-induced corneal 
endothelial lesion 
Influence of exogenous 
factors 
Scanning electron microscopy 
ol wound healing 
Cross-sections 
Silver 
staining 
X 
X 
X 
X 
X 
X 
Auto-
radio-
graphy 
X 
X 
X 
X 
X 
X 
Nuclear 
staining 
X 
X 
X 
X 
X 
X 
Technique of resecting donor corneas: 
First, the palpebrae of the donor were cleansed with an alcohol-soaked gauze 
under aseptic conditions; the superior and the inferior fornix were then washed 
with a balanced salt solution, whereupon a few eyedrops (Neosponne®) were 
applied. 
The conjunctiva was then dissected free along the limbus. A razorblade was 
used to incise the sclera as far as the choroid, 2-3 mm posterior to the limbus, 
whereupon scissors were used to cut it loose all around. The anterior chamber 
was often still in position at this time. The scleral rim was grasped in forceps 
and cautiously pulled loose from the choroid and the scleral spur. 'I he cornea 
was immediately transferred to a tissue culture jar which contained 10 ml 
modified Delbucco tissue medium. 
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Technique of producing a mechanical endothelial lesion:
To inflict the wound, the cornea was removed from the tissue culture jar and, 
with the endothelial side up, placed on a concave block of sterile teflon. A 
depression in the teflon block had a radius which corresponded with the 
average radius of the anterior corneal surface (r =  7.70). The stylet used to 
produce the lesion had a diameter of 3 mm and a rounded, polished tip A 
special holder ensured that the stylet always hit the cornea perpendicularly and 
centrally (fig. 7).
An endothelial lesion of Standard size was produced by allowing the stylet to 
rest lts weight on the cornea and carefully giving it a few turns. This was 
considered necessary if the autoradiographic results and the wound healing at
II 1ijJlWEL
FIG, 1J f eCia\ h0ldel  With tum,jhh s‘yle‘  used to produce a Standard lesion o f the corneal 
endothelium. Insert: Detail o f the polished tip and the teflon block.
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different times were to be compared. This is why a mechanical wound 
technique was preferred to a transcorneal cryo-lesion, which does not permit a 
comparison in time because there is no standard wound size. 
The endothelial lesion was produced under aseptic precautions in an laminar 
flow cabinet. The cornea was then returned to the culture jar and placed in the 
incubator. The culture was made at a temperature of 37° C, a relative humidity 
of 98% and a carbon dioxide concentration of 5%. 
For autoradiographic studies tritium thymidine (specific activity 6.7 Ci/ mmol, 
New England Nuclear Corporation) was added to the culture medium to an 
ultimate concentration of 5 дСі/тІ (unless differently specified). Depending 
on the type of experiment, the tritium thymidine was added at the start of the 
experiment (continuous fashion) or 1 hour before its completion (pulsed 
fashion). 
In a number of cases (13 corneas) the cornea was placed in a fresh culture 
medium containing unlabelled thymidine at the end of the experiment. This 
was done in order to establish whether non-specific reversible binding of the 
tritium thymidine to the endothelial cells had occurred. For this purpose the 
corneas were placed in the fresh medium for 15 minutes, whereupon further 
processing took place. All corneas were fixed in 5% glutaric aldehyde at 4 °С 
This study of in-vitro human corneal endothelial healing was divided into nine 
experiments (see table 3.1.2). 
3.1.2.1 Standardization of endothelial wounds 
The above described equipment was used to produce a mechanical lesion in 14 
corneas. The corneal specimen was immediately stained with silver. The size of 
the lesion was then measured in order to establish whether the lesion was 
reproducible and whether Descemet's membrane had remained intact. 
3.1.2.2 Controls 
Eleven corneas were cultured without a central endothelial lesion. The culture 
medium contained tritium thymidine (5 дСі/тІ) from the start of the 
experiment. These corneas served as controls for subsequent experiments. 
They were examined after 2, 3 and 4 days. 
3.1.2.3 DNA synthesis? 
A central endothelial lesion was mechanically produced in 20 corneas, tritium 
thymidine (5 дСі/т!) having been added to the medium at the start of the 
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experiment. The purpose of this experiment was to establish whether DNA 
synthesis of endothelial cells occurred as a feature of endothelial wound 
healing. The period of observation was 2, 3, and 4 days. 
3.1.2.4 DNA synthesis and/or mitosis 
In this experiment, a standard lesion was mechanically produced in 44 
corneas. One hour before completion of the experiment, tritium thymidine (5 
дСі/тІ) was added to the culture medium. During this hour, all cells which 
would synthesize DNA were labelled. In this way an impression was gained of 
the time interval between wound healing and DNA synthesis. The non-labelled 
cells could be examined for mitotic figures with the aid of nuclear staining. The 
corneas were examined after 1, 2, 3 and 4 days. 
3.1.2.5 Autoradiographically positive mitotic figures 
A standard lesion was mechanically produced in 10 corneas, which were then 
cultured for 3 days. Tritium thymidine was added to the culture medium 
(1 дСі/тІ) at the start of the experiment. These corneas were examined only 
by autoradiography and nuclear staining. The experiment was performed in 
order to demonstrate a mitotic figure with a positive autoradiograph. The 
lower tritium thymidine concentration ensured a less intensive density of the 
autoradiograph, which facilitated evaluation of the nuclear stain. 
3.1.2.6 Qualitative difference in wound healing between a mechanical and a 
cryo-induced corneal endothelial lesion 
A standard endothelial lesion was mechanically produced in one cornea of 
each of 10 pairs of corneas, while in the other cornea of each pair a 
transcorneal cryo-lesion was induced. For this purpose the cornea was frozen 
(-60°C) for 20 seconds, rewarmed and again frozen (-60°C) for 20 seconds. 
The diameter of the cryoprobe was 2 mm. The purpose of this experiment was 
to establish whether a qualitative difference in wound healing existed between 
lesions produced by these two techniques. The experiment was also performed 
as a preparation for the study of in-vivo human corneal endothelial healing 
(3.1.3). 
3.1.2.7 Influence of exogenous factors 
A standard lesion was mechanically produced in 8 pairs of corneas. One 
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cornea of each pair was cultured in the medium described in subsection 3.2.1, 
while the other cornea was cultured in a medium to which no foetal calf serum 
had been added. This experiment was performed in an attempt to establish 
whether the results observed were or were not attributable exclusively to 
exogenous factors contained in the foetal calf serum. 
3.1.2.8 Scanning electron microscopy of wound healing 
The scanning electron microscope was used to study the healing of standardized 
endothelial wounds in 10 corneas. The purpose of this experiment was to 
establish whether this method of investigation would supply additional 
information if compared with the combined histological processing used in 
this study. Moreover, it ensured a different visualization of wound healing. 
The wounds were examined after 0, 1, 2, 3 and 4 days. 
3.1.2.9 Cross-sections 
In order to study the normal endothelial structure and the nature of the silver 
staining, a number of normal corneas were examined histologically and/ or 
electron-microscopically. The corneas were fixed in their normal shape; no flat 
specimens were prepared. After fixation the cornea was cut into two halves. 
One half was embedded in paraffin and further processed for light microscopy, 
while the other half was embedded in Epon and processed for transmission 
electron microscopy. 
One cornea was processed in the manner described in order to gain an 
impression of the morphology of its normal anatomy. Three corneas, stained 
with silver without an endothelial lesion, were examined histologically and 
electron-microscopically. Some sections were after-stained with haematoxylin 
and eosin. 
Two corneas with an endothelial lesion of standard size were stained with 
silver after a wound healing period of 2 and 3 days, respectively, and examined 
histologically and electron-microscopically. Some sections were after-stained 
with haematoxylin and eosin. 
One cornea was cultured for 3 days in a medium containing tritium thymidine 
(5μΟί/ιη1), and silver-stained at the end of the experiment. Wound healing 
was examined both histologically and electron-microscopically. The histo­
logical sections were autoradiographically examined as well. The sections were 
after-stained with haematoxylin. 
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3.1.3 Jn-vivo human corneal endothelial wound healing 
Two patients gave their informed consent and volunteered for this part of the 
study, which concerned in-vivo human corneal endothelial healing (see table 
3.1.3) 
TABLE 3.1.3 In-vivo human corneal endothelial wound healing. 
Number of 
corneas 
2 
Purpose 
in-vivo wound 
healing 
Silver 
staining 
X 
Autoradio-
graph> 
X 
Nuclear 
staining 
X 
Both patients (aged 65 and 67, respectively) were to undergo enucleation for 
other ophthalmological reasons. The central part of the cornea was frozen 
twice for 20 seconds with a cryoprobe with a diameter of 2 mm, 3 days and 5 
days before the operation, respectively. 
The temperature during application of the cryoprobe was -60oC. After 
rewarming of the cornea, the cryoprobe was again applied to the same area 
(comparable with experiment 3.1.2.6). The freezing was done under local 
anaesthesia after instillation of an analgesic (Alcaine®). An eye dressing was 
applied to the eye after the induction of the transcomeal endothelial lesion. No 
medication was given. 
Immediately after enucleation of the eye, the cornea with a scleral rim of about 
2 mm was removed from the eyeball and placed in the culture medium. 
Tritium thymidine had been added to the medium to a final concentration of 5 
/iCi/rnl. The cornea was placed in the incubator for 1 hour, under the same 
conditions as in all in-vitro experiments. At the end of this hour the cornea was 
stained with silver, whereupon autoradiography and nuclear staining were 
carried out. 
3.2 METHODS 
The following techniques were used. 
Organ culture (3.2.1). 
Trypan blue (vital) staining (3.2.2). 
Silver staining (3.2.3). 
Preparation of a flat corneal endothelial specimen (3.2.4). 
Autoradiography (3.2.5). 
Nuclear staining (3.2.6). 
Scanning electron microscopy (3.2.7). 
Transmission electron microscopy (3.2.8). 
Special techniques are described in the relevant sections and subsections. 
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3.2.1 Organ culture 
The culture medium used in all experiments was Delbucco modified Eagles 
with addition, per litre of medium, of: 5% dextran, median molecular weight 
40,000 (Sigma), 10% foetal calf serum (ultimate concentration) (Gibco Com­
pany), 6 g Hepes buffer (25 mmol), 1.25 mg amphotericin В, 100,000 U 
penicillin, and 100 mg streptomycin. Phenol red was used as pH indicator. 
3.2.2 Trypan blue (vital) staining (Stocker 1971) 
Trypan blue was dissolved in distilled water to an ultimate concentration of 
0.5%. The endothelium was stained for 90 seconds, whereupon the excess 
trypan blue was washed off in physiological saline. The cornea was then 
immediately examined and photographed. 
Only cells whose cell membrane is damaged stain immediately with trypan 
blue. 
3.2.3 Silver staining (Smolin 1968) 
After completion of the experiment the cornea is placed for at least 10 seconds 
in 10 ml of a 10.3% sucrose solution at 20oC. Next, the cornea is cautiously 
placed for 10 seconds in a 0.25% silver nitrate solution in 10.3% sucrose 
solution at 20oC, whereupon it is washed twice in a 10.3% sucrose solution at 
20° С 
The cornea is then placed in a 10.3% sucrose solution with the endothelial side 
up and 1 cm below the fluid surface. The endothelium is then exposed to UV 
light from a source 5 cm above the fluid surface (Burton Lamp, Cavitron 
Urton 9110 bulb). The cornea is exposed for two minutes, whereupon light-
brown discoloration of the endothelium is seen. The degree of silver staining 
can be assessed in a microscope. It can be itensified if necessary by prologing 
the time of exposure. 
Exposure for two minutes was found to be generally sufficient, particularly if 
the correct temperature is carefully maintained. The specimen thus stained is 
studied in transmitted light in a regular microscope. 
3.2.4 Preparation of a flat corneal endothelial specimen 
After silver staining (if any) four radial incisions are made in the cornea with 
the aid of a razorblade (Nicholas 1965). They cause the cornea to lose its 
concave shape and more or less flatten it. When the cornea is fixed in this 
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condition, no entirely flat endothelial specimen is obtained. 
Other flat specimens prepared by removing the stroma (Soong et al. 1978) or 
the stroma together with Descemet's membrane (Smolin 1968) do not permit 
examination after infliction of a stromal wound. Several other histological 
techniques to prepare a corneal endothelial specimen have been described by 
Honneger and Schierhölter (1963). 
In order to prepare a flat endothelial specimen in which the presence of a 
stromal lesion has no disturbing effect, the cornea (with the radial incisions) is 
placed in its entirety between an object slide made of 5 mm thick Perspex and a 
cover slide of 0.4 mm thickness. Spring clamps are used to fix the cornea 
firmly between the two slides, with its endothelial side against the cover slide 
(fig. 8). 
A flat endothelial specimen can thus be obtained in a manner which is simpler 
than the technique previously described by O'Day et al. (1973). In order to 
minimize displacement of the endothelial layer and consequent endothelial 
damage, the cornea is immersed in a 5% glutaric aldehyde solution for 15-20 
seconds. To prevent adherence of the endothelial layer to the cover slide, the 
latter is moistened. 
Good results are obtained when the radial incisions extend sufficiently far - to 
2 mm from the centre. Corneas thus clamped between slides should be fixed in 
5% glutaric aldehyde for at least 24 hours. This is necessary in order to ensure 
adequate penetration and therefore fixation of the centrally localized wound 
area. After these 24 hours the cover slide is removed. If no autoradiography is 
to be performed, nuclear staining is done, followed by dehydration in an 
alcohol series, clearing in xylene and embedding in Permount. 
3.2.5 Autoradiography 
For an autoradiographic study the cornea is first dried. It is placed between 
two filter papers and thus placed between two objects slides. A leaden weight 
of 200-250 g is placed on the slides to prevent curling. In some cases the cornea 
nevertheless curled up afterwards. In order to minimize this, only the central 9 
mm part of the cornea was used in subsequent autoradiography. The drying 
process takes about a day at room temperature. To ensure proper adherence of 
the dried cornea to the slides, the latter were gelatin-coated. 
The slides were placed in a bichromate solution for 24 hours and then dipped 
in a 0.5% gelatin solution containing 5% chrome alum. The slides were dried in 
air. To fix the cornea on the slide, a droplet of heated 8% gelatin was placed on 
the pre-warmed gelatin-coated slide, and the cornea was placed on the droplet 
with the endothelial side up. To ensure good results it must be ascertained that 
no air is left beneath the cornea (this can be done by painting the epithelial side 
of the cornea with a little gelatin). 
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D 
но. 8 Schematic representation of the preparation of a flat corneal endothelial specimen. 
View from above (A) and lateral vien (B) of the cornea clamped betw een object slide and cover 
slide. Perpendicular view (C) and lateral /еи (D) of a deh) drated cornea, fixed on an ohjec t slide 
and ready for autoradiography 
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The cornea was then covered with a piece of Parafilm and a second slide was 
placed on it, whereupon a leaden weight was placed on top. The piece of 
Parafilm served to prevent the gelatin from adhering to the second object slide. 
Once the gelatin was dry, the second object glass and the Parafilm were 
removed. The corneal circumference was sealed all around with heated 8% 
gelatin in order to prevent film emulsion from creeping beneath the cornea. 
The specimen was then ready for autoradiography (fig. 8). 
Since in this stage the cornea still tended to curl up, the interval between 
removal of the weight and autoradiography had to be as short as possible, 
preferably not more than two or three days. Before the cornea was dipped in 
the film emulsion (Kodak NTB, 2:1 diluted), the specimen was first moistened 
with distilled water. Once the specimen had been dipped in the emulsion, it was 
placed at an oblique angle to allow the emulsion to dry in a layer as thin as 
possible. The specimen was then placed in a lightproof box which contained a 
hygroscopic agent, and stored in the refrigerator at 4° C. 
The emulsion was exposed during seven days, and then developed with Kodak 
D 19 film developer and fixed. Immediately after this, the nuclear stain was 
applied to the still wet specimen. When the background density of the film 
emulsion proved to be too dark due to variations in the thickness of the 
emulsion, making it impossible to evaluate the nuclear staining, the autoradio-
graph was photographically reduced and again dipped in film emulsion, dried, 
exposed, developed and fixed. 
3.2.6 Nuclear staining 
The nuclei of the endothelium in these flat specimens could best be visualized 
with the aid of celestine blue B, which is an oxazine dye (Gray et al. 1956). To 
ensure optimal staining results, the celestine blue В should be freshly prepared. 
The solution is obtained by adding 0.5 ml concentrated HjSO,, to 1 g celesine 
blue В and dissolving the mass thus obtained in 100 ml 2.5% chrome alum to 
which 14 ml glycerol has been added. The solution is then stirred thoroughly 
and filtered. 
A staining time of 2 minutes is sufficient for a normal specimen. A specimen 
covered with a developed film emulsion, as after autoradiography, requires 
longer staining: as long as 10 minutes. Overstaining is virtually impossible. In 
the phase of nuclear division the entire cytoplasm is also slightly stained by the 
celestine blue B. 
The combination of silver staining and autoradiography gave better results 
with celestine blue В than with haematoxylin as nuclear stain. After comple­
tion of nuclear staining the specimens were dehydrated in 95% and 100% 
ethylalcohol for at least 5 minutes per bath; this was followed by clearing in 
xylene and embedding in Permount. 
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5.2.7 Scanning electron microscopy 
Nijmegen 
The cornea was prefixed at 40C in 2% glutaric aldehyde, 0.1 M cacodylate 
buffer and 4% sucrose with a total osmolality of 530 mOsm. The specimen was 
then placed in warm cacodylate buffer with an osmolality of 320 mOsm, with 
subsequent after-fixation in a 2% osmium tetroxide in phosphatic aldehyde 
solution. 
For dehydration the specimens were passed through a series of 30%, 50%, 
70%, 90% and 100% ethylalcohol and then placed in acetone for critical point 
dehydration with carbon dioxide. The specimen was fastened on a holder and 
then covered with a thin layer of gold. It was then examined in a Philips 
scanning electron microscope at 12 kV. 
Miami 
The cornea was fixed in 5% glutaric aldehyde, and the specimen was 
dehydrated in an ethylacohol series and acetone. Critical point dehydration 
was effected with carbon dioxide. The specimen was fastened on a holder and 
covered with a thin layer of gold. It was examined in a JEOL 35 scanning 
electron microscope. 
3.2.8 Transmission electron microscopy 
Miami 
The cornea was fixed in 5% glutaric aldehyde, with after-fixation in 2% 
osmium tetroxide. The specimen was dehydrated in an ethylalcohol series and 
embedded in Epon. It was cut into sections which were studied in a J M 7 
electron microscope. 
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CHAPTER 4 
RESULTS 
The results obtained in this study will be presented in three sections: 
In-vivo corneal endothelial wound healing in non-human primates (4.1). 
In-vitro human corneal endothelial wound healing (4.2). 
In-vivo human corneal endothelial wound healing (4.3). 
4.1 IN-VIVO CORNEAL ENDOTHELIAL WOUND HEALING IN NON-HUMAN PRIMATES 
None of the test animals developed an intraocular infection during the 
postoperative period. The corneas were clear from the first day on, and the 
eyeballs hardly injected. The animals were examined macroscopically. Occa-
sionally, an animal was anaesthetized for slit-lamp photography, at which at 
the same time the cornea beyond the slit-lamp could be examined. In these 
cases the macroscopic findings corresponded with the biomicroscopic findings. 
None of the animals apppeared to be the worse for the intervention. Apart 
from a single application of chloramphenicol at the end of the operation, no 
therapy was given during the period of observation. 
FIG. 9 Inner corneal surface 0-3 hours afler grafting. Trypan blue staining. Endothelial lesions 
slain with trypan blue: the dark areas in the photograph. The lesions are localized mainly along 
the wound margin (arrow). 
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4.1.1 Endothelial loss and wound healing after corneal allograjt 
In each of the three cases it was found 0-3 hours after grafting that endothelial 
cell loss and damage which had occurred during the operative procedure, 
showed a more or less identical pattern (fig. 9). 
The trypan blue-stained damaged cells and the area of Descemet's membrane 
which stained, were found mainly along the wound margins. The area which 
staind had virtually the same width all around, the peripheral margin generally 
showing a broader /.one of damage than the central margin (fig. 9). The central 
part of the graft did not stain significantly with trypan blue; nor did the more 
peripheral part of the recipient margin. 
Scanning electron microscopy (SEM) revealed a similar pattern of endothelial 
cell loss in these three corneas: irregularly demarcated de-endothelialized areas 
of Descemet's membrane localized all around along the wound margin (fig. 
10). The central parts showed a normal, regular hexagonal pattern with an 
occasional damaged cell (fig. 10). 
At some sites in the damaged endothelium the endothelial cells already showed 
processes indicative of incipient migrations (fig. 11). 
The start of the operation can be equated to the start of endothelial damage. 
The interval until fixation of the cornea in glutaric aldehyde averaged 2-3 
hours (this includes the time required for photography of the trypan blue-
stained endothelial lesions). 
The cross-sections generally showed a fairly well-adapted stromal wound. The 
depth of the sutures varied from two-thirds of the corneal thickness to 
immediately above Descemet's membrane. The central wound margin of the 
graft as a rule protruded further into the anterior chamber than the peripheral 
recipient wound margin (fig. 12). 
A normal number of endothelial cells was found on Descemet's membrane in 
the centre. Both the central and the peripheral wound margins no longer 
contained any endothelial cells. 
The two untreated corneas, when stained with silver, showed a normal, regular 
hexagonal endothelial pattern (fig. 21). 
Four days after grafting: 
At this time only the wound margin stained with trypan blue. The zones 
adjacent to the deep wound margins hardly stained any longer; nor did the 
centre and the periphery (fig. 13). 
SEM revealed that Descemet's membrane was again covered with endothelial 
cells virtually as far as the deep wound margin. The cells were separated by as 
yet uncovered areas of Descemet's membrane. The cells presented an irregular 
appearance with thin processes. 
The cross-sections clearly showed that in-growing epithelium filled the anterior 
part of the stromal wound. The graft protruded slightly further into the 
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FIG. 10 SEM of the cornea 0-3 hours after grafting, after trypan blue staining. A. The centre of the 
graft with a normal, regular endothelial cell pattern. B. Wound margin with endothelial loss on 
either side of the deep wound margin, more pronounced on the recipient side (H) than on the graft 
side (G). 
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FIG. 11 SfA/ о/ (Ле cornea 0-3 hours after graf ling, af 1er trypan blue staining. A. start of 
migration of endothelial cells across an intact Descemet membrane into the damaged area. B. 
Higher magnification of the marked area in fig. IIA. 
55 
FIG. 12 Cross-section 0-3 hours after grafting. Inset: general view of the section. Tendency of the 
graft (G) to override the peripheral recipient margin (H). At magnification of the area marked in 
the general view, few endothelial cells are visible on Descemet 's membrane, which is curled in on 
the side of the graft (arrow). 
anterior chamber, and its wound margins slightly overlapped the peripheral 
wound margin (fig. 14, A and C), while on the other side of the wound the 
recipient margin protruded further into the anterior chamber (fig. 14, A and 
B). The endothelium almost completely covered Descemet's membrane as far 
as the deep stromal wound margin. 
Eight days after grafting: 
The area which stained with trypan blue was still confined to the deep wound 
margin proper. The central part of the graft and the peripheral margins of the 
recipient did not stain (fig. 15). 
SEM showed well-adapted wound margins. Descemet's membrane was cover-
ed with endothelial cells virtually as far as the deep stromal wound margin. 
The endothelial cells were of irregular shape, and most of them had long 
processes. Between the cells, uncovered areas of Descemet's membrane were 
still visible (fig. 16). 
The cross-sections showed fair adaptation of the stromal wound margins. 
Descemet's membrane was almost entirely covered with endothelial cells as far 
as the deep stromal wound margin. The deepest part of the graft protruded 
further into the anterior chamber. But little reaction was discernible in the 
wound area in the stroma proper (fig. 17). 
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FIG. 13 Inner corneal surface 4 days after grafting. Only the deep stromal wound still stains with 
trypan blue (arrow), visible as dark areas. Note that the lesions induced during dissection of the 
cornea also stain with trypan blue (double arrow). 
FIG. 14 Cross-section 4 days after grafting. A. General view. The graft (G) protrudes further into 
the anterior chamber than the recipient margin (H) on one side of the wound (C). whereas the 
reverse is seen on the other side (B). At higher magnification (B and C), Descemet 's membrane is 
seen to be covered with endothelial cells virtually asfar as the wound margin. The depth at which 
the sutures are localized is indicated by an arrow. 
51 
, 
>i 
ч 
f 
/ ν 
FIG. 15 Inner corneal surface 8 davs after grafting. Trypan blue staining. Only the stromal wound 
margin still stains with trypan blue (arrow). 
FIG. 16 SEM of the wound margin 8 days after grafting. The graft (G) and the recipient (H) show 
good stromal adaptation. The graft tends slightly to overlap the recipient margin. Descemet's 
membrane is almost completely covered with irregular endothelial cells, some of which have long 
processes. 
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FIG. 17 Cross-seclion of the cornea 8 days after grafting. A. General view of the specimen. The 
graft (G) protrudes further into the anterior chamber than the recipient (Η). В and С are higher 
magnifications of the areas indicated in the general view. The stroma shows virtually no 
inflammatory reaction. D and E are still higher magnifications of the areas marked in В and C. 
Descemet'! membrane is almost completely covered with endothelial cells, as far as the deep 
stromal wound margin. 
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Twenty-eight days after grafting: 
Only some parts of the deep stromal wound still stained with trypan blue (fig. 
18). The centre of the graft and the peripheral margin of the recipient no longer 
stained. 
SEM revealed a regular hexagonal endothelial cell pattern in the centre of the 
graft, the endothelial cells on either side of the stromal wound showing an 
irregular pattern (fig. 19). The fibrillar structure of the stroma was clearly 
visible in that part of the stromal wound that was not yet covered with 
endothelial cells. 
The cross-sections showed a well-adapted wound on one side, where it was 
covered with endothelial cells. The stroma showed hardly any increase in 
stromal cells (fig. 20, А, В and D). An entirely different situation existed on the 
other side, where a mass of granulation tissue protruded from the graft into the 
anterior chamber. This granulation tissue showed a high degree of cellular 
activity. 
Where this mass of granulation tissue was in contact with the peripheral part 
of the recipient, the stroma showed increased cellular activity (fig. 20, C). The 
mass itself was not covered with endothelium (fig. 20, С en D). 
4.1.2 Endothelial wound healing 
Regeneration of corneal endothelium after a mechanical lesion was studied. 
Control: 
The flat corneal specimen which was stained with silver, presented a normal 
hexagonal endothelial pattern. There was no marked difference between centre 
and periphery (fig. 21) 
Day 0 after trauma: 
In the silver-stained flat endothelial specimen a regular hexagonal endothelial 
pattern was visible, which ceased rather abruptly at the wound margin (fig. 
22). Only some cellular debris was found in the wound area proper. Auto­
radiography revealed that tritium thymidine had neither been incorporated 
nor bound to the endothelial cells. 
Day 1 after trauma: 
The endothelial pattern was regular at the periphery. The wound margin was 
no longer so clearly demarcated. The wound was surrounded by a zone of 
transition with a width of 8-10 cells, in which the endothelial cell pattern 
gradually changed to large, less regular, radially arranged cells. The wound 
centre did not stain with silver. Autoradiography, however, showed numerous 
cells in this region which had incorporated tritium thymidine. Additional 
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FIG. 18 Inner corneal surface 28 days after grafting. Trypan blue staining. Only an occasional area 
of the deep stromal wound still stains (arrow). 
FIG. 19 SEM of the cornea 28 days after grafting. A. Regular endothelial pattern of a central part 
of the graft. B. Endothelial pattern on either side of the stromal wound. Graft (G) and recipient 
(H). A striking feature is the difference in size of endothelial cells between the centre and the 
periphery of the graft. The stromal fibrils are visible within the dotted line. 
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FIG. 20 Cross-section of the cornea 28 days after grafting. A. General view. A distinct difference in 
adaptation between graft (G) and recipient (H). B. Well-adapted deep wound with but small 
cellular infiltrate. C. Granulation tissue growing from the graft stroma into the anterior chamber. 
Where this mass is in contact with the peripheral recipient margin, the stroma shows increased 
cellular activity (arrow). D. Endothelium covering the wound; the curled-in Descemet 's membrane 
is clearly visible (arrow). E. The endothelium does not cover the mass of granulation tissue (and 
therefore does not cover the deep stromal wound), increased cellular activity in the graft stroma. 
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Siher-stained corneal endothelium, flat specimen. Normal hexagonal endothelial cell 
at the centre. The corneas were originated from experiment 3.1.1.1. 
FIG. 22 Silver stain and autoradiograph of cornea. 0 hour after trauma. Sharply defined wound 
margin. Normal regular endothelium is visible (EN). Cellular debris is present at the centre of the 
wound area (asterix). 
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staining with methyl green/pyronine revealed that the wound area was 
populated with cells which presented a fibroblast-like appearance (fig. 23). 
These cells had processes which crossed each other. 
Day 2 after trauma: 
The cell boundaries throughout the wound now stained with silver. The 
endothelial cells at the periphery showed a regular pattern, while the wound 
proper was filled with large, irregular cells. A zone of transition separated 
these two cell types. The most striking feature was that in this zone of 
transition the cells showed an elongated radial pattern (fig. 24). Autoradio-
graphy revealed that DNA synthesis was found mainly in the wound area 
proper (fig. 24). One area at the periphery showed the same endothelial pattern 
as that at the centre. This area was the site of insertion of the lacrimal probe. A 
degree of endothelial damage had occurred as a result of the surgical 
intervention. In this area, too, a few cells had synthesized DNA. 
Day 3 after trauma: 
The features were virtually identical to those seen on day 2. The irregularity of 
the cells in the wound area seemed slightly less pronounced. The number of 
DNA-synthesizing cells had diminished in comparison with the number of 
irregular cells. Only an occasional positive cell was found in the wound area. 
4.1.3 Endothelial wound healing after corneal autograft 
Preparation of a fiat endothelial specimen is significantly more complicated 
when a stromal wound is present. More artefacts occur, e.g. endothelial cell 
displacements and destruction of freshly formed links between acceptor and 
graft, particularly when, after making the radial incisions, the cornea is 
flattened and clamped between the slides. 
However, there were enough areas without artefacts for a qualitative evalua-
tion of the healing process; but quantitative data could not be obtained. 
Hour 0-3 after autograft: 
The specimen obtained immediately after completion of the surgical interven-
tion showed large areas, on either side of the stromal wound, where Descemet's 
membrane was no longer lined with endothelium. All endothelial cells which 
stained with silver had a normal, regular cell pattern. Autoradiographic 
examination remained negative. 
Day 1 after autograft: 
The endothelial cells adjacent to the wound had arranged themselves radially 
in the direction of the wound. This radial arrangement was observed on either 
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side of the stromal wound, both on the acceptor and on the graft side. 
Autoradiography revealed no indication of DNA synthesis (fig. 25). 
Days 2 and 3 after autograft: 
There was an unmistakable increase in the irregularity of those endothelial 
cells that had migrated furthest into the wound area and were therefore closest 
to the stromal wound margin. In the zone, beside the stromal wound, the cells 
showed an irregular pattern; next came a zone of transition in which the radial 
pattern was visible, and even further away from the wound margin the cells 
showed a normal pattern. Autoradiography was positive both on day 2 and on 
day 3 after the intervention. 
The cells which had incorporated tritium thymidine were found mainly among 
those endothelial cells that were localized closest to the stromal wound margin 
(figs. 26 and 27). The deep stromal wound was not covered with endothelial 
cells. In this wound area there were no cells that were positive in the 
autoradiograph. 
Day 6 after autograft: 
Macroscopically, the graft looked entirely clear (fig. 28). 
The endothelial pattern was not essentially different from that on day 3. The 
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FIG. 23 Silver stain, autoradiograph and nuclear stain of the cornea, I day after trauma. Silver-
stained endothelial cells are radially arranged in the direction of the wound (asterix). These cells 
are auloradiographically negative. The wound area (left) is almost completely covered with cells 
that do not stain with silver. Some of these cells have incorporated tritium thymidine. Λ single cell 
of this type is marked by an arrow. 
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FIG. 24 Silver slain and autoradiograph of a cornea. 2 days after trauma. The zone of transition 
from the regular to the irregular endothelial cell type is marked by an asterix. The wound area 
contains celts which have incorporated tritium thymidine (arrow). Inset: general view of the 
specimen. 
FIG. 25 Silver stain and autoradiograph of a cornea. I day after autograft. The stromal wound 
(W) is shown top left. An irregular endothelial cell pattern along the wound margin (asterix). 
More centrally from the graft (right) a normal, regular endothelial cell pattern (EN) is visible. No 
cells are found which have incorporated tritium thymidine. 
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FIG. 26 Silver stain and autoradiograph of a cornea 2 days after grafting. Irregular endothelial 
cells (arrow) on the recipient side of the cornea. Stromal wound marked by the dotted line. 
Endothelial cells which have incorporated tritium thymidine are visible on either side of the deep 
wound (double arrow). 
FIG. 27 Silver stain and autoradiograph of a cornea 3 days after grafting. The wound margin (top) 
is covered with irregular cells (asterix), a few of which have incorporated tritium thymidine 
(arrow). 
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FIG. 28 Mm roscopic features of autograft 6 days after the operation. Monkey 72, OS. 
FIG. 29 Silver slain and autoradiograph afa cornea б days after grafting. The deep stromal wound 
(within the dotted lines) is bounded on either side by irregular endothelial cells (asterix). The 
stromal wound contains some cells which have incorporated tritium thymidine (arrow). 
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normal endothelial pattern was still clearly visible at both the centre and the 
periphery, the zone of transition and the irregular cells near the stromal wound 
margin were still in evidence (fig 29 ) A few of these endothelial cells were 
positive in the autoradiograph 
The stromal wound proper did not stain with silver In this area, elongated 
cells were visible which were arranged more or less parallel to the longitudinal 
axis of the stromal wound The cells were localized in the deep wound proper, 
and some were positive in the autoradiograph (fig 29) 
Day 13 after autograft 
The endothelial pattern on either side of the stromal wound was still essentially 
unchanged From the irregular wound area the pattern changed via a zone of 
transition to a normal, regular endothelial pattern Only sporadic endothelial 
cells were still positive in the autoradiograph The stromal wound, however, 
contained longitudinally arranged cells which showed signs of DNA synthesis 
(figs 30 and 31) 
4 2 IN-VITRO HLMAN CORNIAL ENDOTHELIAL WOI ND HEAI I\G 
The results obtained by studying wound healing in cultured human corneas 
will be discussed per experiment 
4 2 1 Standardization of endothelial и ounds 
Л he purpose of this experiment was to establish whether a standard size 
corneal endothelial wound could be obtained with the woundinflicting appar­
atus described After infliction of a wound, 14 corneas were immediately 
stained with silver and fixed In all cases the wound margin was well-defined 
The normal hexagonal endothelial pattern was clearly visible immediately 
TABLF 4 2 1 Wound dimensions in siher stained corneas \Mlh a standard mechanic al endothelial 
и ound 
Cornea HD VD Cornea HD VD 
1 
2 
3 
4 
5 
6 
7 
2 36 
2 36 
2 38 
2 36 
2 35 
2 37 
2 36 
2 25 
2 29 
2 27 
2 29 
2 30 
2 28 
2 29 
8 
9 
10 
II 
12 
13 
14 
2 38 
2 37 
2 36 
2 36 
2 38 
2 38 
2 35 
2 30 
2 29 
2 29 
2 30 
2 29 
2 27 
2 30 
HD = horizontal diameter in mm VD = vertical diameter in mm 
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FIG. 30 Silver slain and autoradiograph of a cornea 13 days after grafting. An irregular 
endothelial cell pattern (asterix) is visible on either side of the stromal wound (within the dotted 
lines). The endothelium of the graft (top right) is partly displaced as a result of processing. 
Autoradiograpically positive cells (arrow) are visible in the stromal wound (see also fig. 31). 
/ 
FIG. 31 Silver slain and autoradiograph of a cornea 13 days after grafting. Magnified detail of fig. 
30. A few irregular endothelial cells are visible (asterix). Cells which have incorporated tritium 
thymidine (arrow) are visible: they parallel the longitudinal axis of the stromal wound. 
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outside the wound area. Both the horizontal and the vertical diameter of the 
wound were measured with the aid of a microscopic gradation. The measure­
ments were obtained from the fixed flat corneal specimen (table 4.2.1; fig. 32). 
The mean horizontal wound diameter was 2.37 mm (SD 0.01 mm). The mean 
vertical wound diameter was 2.286 mm (SD 0.015 mm). The total wound 
surface area was about 4.2 mm2. In none of the specimens a rupture of 
Descemet's membrane was observed. 
FIG. 32 Silver stain of a cornea with a standard wound (W). Only cellular debris is found in the 
wound area proper, while outside the wound the normal endothelial cell pattern is clearly visible 
(asterix). 
4.2.2. Control 
Of the 19 pairs of corneas available for experiments 4.2.2. and 4.2.3, one 
cornea of a pair was sometimes used in experiment 4.2.2, while the other 
cornea was used in experiment 4.2.3. 
This experiment (11 corneas) served as control for subsequent experiments 
(survey A). 
The corneas were cultured for 2, 3 or 4 days, tritium thymidine being added to 
the medium (5 дСі/тІ) at the start of the culture period. A normal, regular 
endothelial pattern was observed at the centre of each of the 11 corneas (fig. 
33). 
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SURVfcY A 
Survey of 11 corneas. Continuous exposure to tritium thymidine. Standard wound. 
Donor age 
0- 9 
10-19 
20-29 
30-39 
40-49 
50-59 
60-69 
70-79 
80-89 
in years 
Number of APC in 
Average 
the wound 
number of APC 
2 days 
· · 
· · · 
• 
0 
» 
Duration 
3 days 
• 
0 
0 
of culture 
4 days 
· · · 
• 
0 
0 
APC = autoradiographically positive cells. 
• = autoradiographically negative specimen. 
FIG. 33 Silver slain and auloradiograph of a cornea cultured for 4 clays. Normal regular 
endothelial cell pattern without signs of incorporation of tritium thymidine. Donor aged 
29. Compare these endothelial features with those in the monke) in fig. 21. 
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In none of the corneas incorporation of tritium thymidine was observed at the 
corneal centre. At the periphery, however, sometimes solitary, sometimes 
groups of cells were found which had incorporated tritium thymidine. In none 
of the specimens a mitotic figure was observed (table 4.2.2). 
TABU 4 2 2 Autoradiographtc results m II luliuredhuman torneai. Duration of (ullure 2, 3 or 4 
iia\ s Continuous exposure to tritium th\muHne. \o endothelial wound 
Pair of corneas Age m Duration of culture Donor time* 
number years 2 days 3 days 4 days in hours 
1 
2 
3 
4 
5 
5** 
6 
7 
7** 
8 
8** 
61 
22 
51 
73 
29 
29 
46 
45 
45 
53 
53 
neg 
neg 
neg. 
neg. 
neg. 
neg. 
neg. 
neg 
neg 
neg. 
neg. 
13 
14 
9 
15 
17 
17 
24 
20 
20 
14 
14 
* Donor time = interval between death and start of culture. 
** Second cornea of a pair. I he pairs of corneas of experiments 4 2 2 and 4.2.3 arc numbered 
consecutively. 
4.2.3 DNA synthesis? 
The question whether DNA synthesis is a feature of endothelial wound healing 
was considered. The purpose of this experiment was to establish whether 
wound healing occurred and whether it involved only migration or also 
proliferation of endothelial cells. 
The corneas used were cultured for 2, 3 or 4 days, tritium thymidine being 
added to the culture medium (5 μ(Γί/ιτι1) at the start of the culture. 
In this group of 20 corneas a normal endothelial cell pattern was found only in 
the more peripheral parts of the cornea. In the wound area the endothelial cells 
showed an irregular pattern. The wound area was surrounded by a zone of 
transition in which this cell pattern gradually changed to a normal cell pattern 
(fig. 34). 
The wound area proper showed a gradual transition from areas with silver-
staining cells to areas in which cells were present but did not (yet) stain with 
silver (fig. 35). 
After two days, two of the eight corneas showed silver staining of the cells at 
the centre; after three and four days all cells in the wound area stained with 
silver. 
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SURVEY В 
Survey of 20 corneas. Continuous exposure to tritium thymidine. Standard wound. 
Donor age in years Duration of culture 
2 days 3 days 4 days 
0- 9 
10-19 
20-29 
30-39 
40-49 
50-59 
60-69 
70-79 
80-89 
0 
oo 
oo 
oo 
о 
о 
о 
о 
οο· 
oo 
о 
со 
о о 
Number of APC in the wound 
Average number of APC 
2-924 
147 
0-392 
71 
176-2283 
1271 
APC = autoradiographically positive cells. 
• = autoradiographically negative specimen. 
О = autoradiographically positive specimen. 
• 4 
FIG. 34 Silver stain of human cornea cultured for 3 days. Inset: general view of the wound area. 
The area shown at higher magnification is encircled. The cells in the wound area (W) present an 
irregular appearance, whereas those at the periphery (P) show a normal endothelial pattern. A 
zone of transition (T) is seen in between. Donor aged SO. 
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FIG. 35 Silver stain of human cornea cultured for 2 days. Gradual change of cells which populate 
the wound area and stain with silver. On the right, endothelial cells which still show fibroblast-like 
features (FB). The processes of these cells cross each other (arrow). These cells do not (yet) stain 
with silver. On the left, endothelial cells which do stain with silver. These cells present an irregular 
appearance (EN). Donor aged 38. 
In 19 of the 20 corneas, the cells in the central wound area had incorporated 
tritium thymidine (see table 4.2.3, survey B). The difference between silver-
stained corneas before and after autoradiography was quite unmistakable (fig. 
36). 
Autoradiography revealed sometimes solitary, sometimes groups of DNA-
synthesizing cells at the periphery of some specimens. Nuclear staining showed 
that the nuclei of the endothelial cells in the wound area and in the zone of 
transition were larger than those of more peripherally localized endothelial 
cells. In none of the specimens a mitotic figure was observed. 
There was no autoradiographically demonstrable difference between the 13 
corneas placed in a culture medium containing unlabelled thymidine at the end 
of the experiment, and those not so treated. 
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FIG. 36 Silver slain and autoradiograph tij human cornea cultured for 2 days. The same area shown 
before (A) and after (B) autoradiography. Cells whose nut lei have incorporated tritium thymidine 
are marked hv arrows Donor aged51. 
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TABLE 4.2.3 Autoradiographic results in 20 cultured human corneas. Duration of culture 2, 3 or 4 
days. Continuous exposure to tritium thymidine. Standard endothelial wound. Figures in brackets 
indicate numbers of labelled nuclei in the wound area. 
Pair of 
corneas 
number 
1** 
2*. 
3*. 
4** 
9 
10 
10** 
11 
12 
12** 
13 
14 
15 
15** 
16 
17 
17** 
18 
19 
19** 
Age in 
years 
61 
22 
51 
73 
19 
71 
71 
76 
38 
38 
61 
51 
64 
64 
1 
30 
30 
25 
52 
52 
•* Duration of culture 
2 days 
pos. 
pos. 
pos. 
pos. 
pos. 
pos. 
pos. 
pos. 
(76) 
(2) 
(924) 
(8) 
(10) 
(135) 
(31) 
(12) 
3 days 
neg. 
pos. (2) 
pos. (5) 
pos. (392) 
pos. (12) 
pos. (12) 
4 days 
pos. 
pos. 
pos. 
pos. 
pos. 
pos. 
(176) 
(1283) 
(2283) 
(1976) 
(773) 
(1136) 
Donor time* 
in hours 
13 
14 
9 
15 
14 
19 
19 
18 
15 
15 
19 
17 
19 
19 
4 
16 
16 
10 
17 
17 
Wound 
closed 
yes 
yes 
по 
no 
yes 
yes 
yes 
yes 
no 
yes 
yes 
no 
no 
no 
yes 
yes 
yes 
yes 
yes 
yes 
* Donor time = interval between death and start of culture. 
** Second cornea of a pair. The pairs of corneas of experiments 4.2.2 and 4.2.3 are numbered 
consecutively. 
4.2.4 DNA synthesis and/or mitosis 
In this experiment, DNA synthesis was studied in relation to the interval since 
infliction of a standard wound. Mitotic figures were looked for as well. The 
corneas were cultured for 1, 2, 3 or 4 days. Tritium thymidine was added to the 
culture medium (5 дСі/тІ) one hour before completion of the experiment so 
that incorporation of thymidine could take place only during this hour. The 
total number of pairs of corneas available for this experiment was 26. 
Day 1 after trauma in vitro: 
The silver staining of the specimens revealed that the endothelial cells had 
migrated into the wound. In the most central area these cells presented an 
irregular appearance; next came a zone of transition in which the cells 
gradually changed to the normal cell pattern. 
The wound surface area of a few wounds was measured on day I. As compared 
with the surface area of the standard wound, the wound area which failed to 
stain with silver proved to be reduced by about 50% on day 1. This was entirely 
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SI RVEY С 
Survey of 44 corneas Pulsed exposure lo Iritium th\ midme. Standard и ound 
Donor age 
0- 9 
10-19 
20-29 
30-39 
40^19 
50-59 
60-69 
70-79 
80-89 
in years 
Number of APC in 
Average 
the wound 
number of APC 
1 day 
· · · · 
· · • 
• 
0 
0 
Duration of culture 
2 days 
O · OOOO 
OOOO 
О 
О 
0-292 
126 
3 days 
oo 
ooooo 
o · 
oo 
oo 
о 
о 
0-220 
61 
4 days 
О· · 
ooo·· 
• 
0-31 
9 
APC = autoradiographically positive cells 
• = autoradiographically negative specimen. 
О = autoradiographically positive specimen. 
a result of the migration process. No difference in pattern and rate of 
migration was found between corneas of different age (fig. 37). Wound 
dimensions were not systematically measured on day 1. 
Autoradiography was negative with all 24-hour specimens. Nuclear staining 
disclosed that the nuclei of the migrated cells were larger than those of the cells 
at the periphery, which showed no sign of migratory activity. 
Day 2 after trauma in vitro: 
Examination of the silver-stained specimens revealed that the wound area was 
closed in 4 of the 12 cases. The cell pattern was not essentially different from 
that in the 24-hour specimens. The endothelium showed a zone of transition at 
the wound margin. The more centrally localized cells showed an irregular 
pattern, whereas those at the periphery were normal in this respect. 
Autoradiography was positive with 11 of the 12 corneas. The labelled nuclei 
were exclusively found in the wound area. The number of positive nuclei per 
wound varied rather widely (see table 4.2.4, survey C). The number of positive 
labelled nuclei per wound averaged 126. A few positive nuclei were found at 
the periphery, sometimes in small groups, sometimes solitary. 
Nuclear staining revealed mitotic figures in two corneas. Metaphases were 
involved in both. The nuclei of the transformed cells were larger than those of 
the normal endothelial cells at the periphery. 
Day 3 after trauma in vitro: 
Silver staining showed that three of the 15 corneal wounds had not yet closed. 
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FIG. 37 5i7ver ί/аш of human corneas after I day's culture in vitro. The inset in A and В presents a 
general view of the endothelial wound. The area shown at higher magnification is demarcated. A. 
Cornea of a 13-year-old donor (cultured in a preliminary experiment). B. Cornea of a 71-year-old 
donor. 
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TABI E 4 2 4 Autoradiographic results in 44 cultured human corneas Duration of culture 1,2 1 or 
4 da) s Pulsed exposure to tritium thymidine Standard endothelial wound Figures in brackets 
indicate numbers of labelled nuclei in the wound area 
Pair of Age in Duration of culture Donor time* Wound 
corneas years 1 day 2 days 3 days 4 days in hours closed 
number 
1 
2 
2** 
ì 
4 
4** 
5 
5** 
6 
6** 
7 
7** 
8 
8** 
9 
9** 
10 
11 
12 
13 
14 
15 
16 
16** 
17 
17** 
18 
18** 
19 
19** 
20 
20** 
21 
21** 
22 
22** 
23 
23** 
24 
24** 
25 
25** 
26 
60 
71 
71 
35 
45 
45 
52 
52 
37 
37 
65 
65 
40 
40 
41 
41 
23 
27 
30 
49 
66 
16 
16 
16 
35 
35 
69 
69 
45 
45 
67 
67 
45 
45 
25 
25 
2 
2 
45 
45 
50 
50 
15 
neg 
neg 
neg 
neg 
neg 
neg 
neg 
neg 
pos 
pos 
pos 
pos 
pos 
neg 
pos 
pos 
pos 
pos 
pos 
pos 
(39) 
(196) 
(220) 
(38) 
(8) 
(142) 
(78) 
(212) 
(292) 
(150) 
(120) 
pos 
pos 
pos 
pos 
pos 
pos 
pos 
pos 
pos 
pos 
neg 
pos 
pos 
pos 
(63) 
(4) 
(5) 
(120) 
(25) 
(17) 
(220) 
(23) 
(90) 
(95) 
(30) 
(45) 
(180) 
neg 
neg 
pos 
pos 
pos 
pos 
neg 
neg 
neg 
(17) 
(30) 
(6) 
(30) 
70 
29 
29 
25 
15 
15 
13 
13 
15 
15 
15 
15 
12 
12 
12 
12 
12 
12 
18 
17 
18 
9 
15 
15 
15 
15 
18 
18 
18 
18 
17 
17 
19 
19 
11 
II 
17 
17 
13 
13 
13 
13 
11 
MK 
MK 
MK 
MK 
yes 
no 
yes 
yes 
yes 
yes 
no 
no 
no 
no 
no 
no 
no 
yes 
yes 
yes 
no 
yes 
no 
no 
yes 
no 
yes 
yes 
no 
no 
yes 
yes 
no 
yes 
yes 
yes 
no 
no 
yes 
yes 
yes 
yes 
yes 
yes 
no 
no 
yes 
* Donor time = interval between death and start of culture 
** Second cornea of a pair 
MK = Cornea stored in McCarey Kaufman Medium at 40C 
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The cell pattern was similar to that in 48-hour specimens. Autoradiography 
was positive with 14 of the 15 corneas (table 4.2.4). In this group, too, the 
number of positive labelled nuclei per wound varied, the average number of 
labelled nuclei per standard wound now being 61. In none of the specimens 
DNA synthesizing cells were found at the periphery. 
In this group the largest number of mitotic figures was found. A few mitotic 
figures were found in five of the 15 corneas (fig. 38). 
Day 4 after trauma in vitro: 
On day 4, all wounds had closed. The cell pattern was again irregular in the 
wound area, although differences seemed less pronounced. Autoradiography 
was positive with four of the nine corneas. The number of positive labelled 
nuclei per wound was smaller and varied less widely (table 4.2.4). The number 
of labelled nuclei per wound averaged 9. 
In some cases nuclear staining could not be evaluated because the background 
density of the autoradiograph was too intensive. 
The number of positive labelled nuclei per standard wound diminished with a 
FIG. 38 Silver stain, autoradiograph and nuclear stain of a human cornea cultured for 3 days. Pari 
of the central wound area. Silver staining shows the irregular cell pattern (asterix): autoradio­
graphy reveals the presence of DNΑ-synthesizing cell (arrow): mitotic figures (metaphasic) are 
encircled Donor aged 41. 
XI 
Number of 
positive cells 
FIG. 39 Number of positive labelled nuclei of endothelial cells per standard wound (average), in 
relation to the duration of corneal culture. 
longer duration of culture and a longer period in which the endothelial wound 
had an opportunity to close (fig. 39). 
The pattern of closing of corneal endothelial wounds in vitro is shown in iigs. 
40 and 41. 
4.2.5 Autoradiographically positive mitotic figure 
The purpose of this experiment was to find autoradiographically positive 
mitotic figures. All corneas were cultured for 3 days, tritium thymidine being 
added to the culture medium (1 дСі/тІ) at the start of the experiment. Five 
pairs of corneas were available. Silver staining was omitted. 
After development of the autoradiograph it was found that in all cases the 
background density was such that, although it was possible to establish 
whether the nuclei had incorporated tritium thymidine, evaluation of nuclear 
staining was impossible. This prompted the decision to reduce photographic­
ally. 
All specimens were again dipped in film emulsion. After development of the 
second film coating the quality of alle ten specimens proved to be perfect. 
Nuclear staining was then done immediately. 
DNA-synthesizing cells were present in all corneas, synthesis again being 
confined to the wound area proper. The number of labelled nuclei per wound 
averaged 900 (table 4.2.5, survey D). 
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Survey υ/IO cornea·, Continuous exposure lo tritium ihvmidine Standard wound 
Donor age in years Duration of culture 
3 days 
0- 9 OO 
10-19 OO 
20-29 OO 
30-39 
40-49 OOOO 
50-59 
60-69 
70-79 
80-89 
Number of APC in the wound 452-1442 
Average number of APC 900 
APC = autoradiographically positive cells 
• = autoradiographically negative specimen 
О = autoradiographically positive specimen 
Tritium thymidine mitotic figures were found in five of the specimens (fig. 42). 
No autoradiographically negative mitotic figures were found. Despite the 
much lower thymidine concentration (1 дСі/тІ) than in the comparable 
experiment 4.2.3 (5 дСі/тІ), the density of the autoradioraph was often still 
too intensive to permit proper evaluation of the underlying nuclei with nuclear 
staining (fig. 42). 
TABLE 4 2.5 Autoradiographic remits in 10 cultured human corneas. Duration of culture 3 days 
Continuous exposure to tritium thymidine. Standard endothelial wound. Figures m brackets 
indicate numbers of labelled nuclei m the wound area. 
Pair of Age in Three days' Donor time* Number of labelled 
corneas years culture in hours mitotic figures 
number 
0 
0 
0 
1 
1 
0 
0 
3 
1 
2 
* Donor time = interval between death and start of culture. 
** Second cornea of a pair. 
1 
1** 
2 
2** 
3 
3** 
4 
4** 
5 
5** 
49 
49 
25 
25 
49 
49 
12 
12 
1 
1 
pos. (490) 
pos. (452) 
pos (1442) 
pos (658) 
pos. (777) 
pos (593) 
pos. (1317) 
pos (1038) 
pos. (885) 
pos. (1410) 
19 
19 
9 
9 
16 
16 
19 
19 
14 
14 
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FIG. 40 Silver staining of human corneas. Autoradiography and nuclear staining are still to be 
done. The regular endothelial cell pattern at the periphery changes via a zone of transition to the 
irregular pattern of the cells in the central wound area. 
A. Corneal wound after I day in vitro. Donor aged 71. Number of autoradiographically positive 
cells: 0. Counted after autoradiography was done. 
B. Corneal wound after 2 days in vitro. Donor aged 65. Number of autoradiographically positive 
cells: 220. Counted after autoradiography was done. 
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FIG. 41 Silver staining of human corneas. Autoradiography and nuclear staining are siili lo be 
done. The regular endothelial cell pattern at the periphery changes via a zone of transition to the 
irregular pattern of the cells in the central wound area. 
A. Corneal wound after 3 days in vitro. Donor aged 52. Number of autoradiographically 
positive cells: 5. Counted after autoradiography was done. 
B. Corneal wound after 4 days in vitro. Donor aged 60. Number of autoradiographically positive 
cells: 0. Counted after autoradiography was done. 
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FIG. 42 Autoradiography and nuclear staining of human cornea after 3 days "culture. A and В 
show the same specimen. Two tritium thymidine positive mitotic figures (arrow). The cell membrane 
is clearly distinguishable because the nuclear staining also slightly stains the cytoplasm. DNA-
synthesizing cells are also visible in the specimen (double arrow). Sometimes the density of the 
autoradiograph is too intensive for proper evaluation of the underlying nuclei with nuclear 
staining (heavy arrow). Donor aged 12. 
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4.2.6 Qualitative difference in wound healing between a mechanical and a 
cryo-induced corneal endothelial lesion 
The purpose of this experiment was to establish whether a qualitative 
difference in wound healing in paired corneas existed between a mechanical 
and a transcorneal cryo-lesion of the endothelium. The diameter of the cryo-
probe used to freeze the cornea twice transcorneally for 20 seconds, was 2 mm. 
The experiment was done on paired corneas. Tritium thymidine was added to 
the culture medium (5 дСі/тІ) one hour before completion of the culture 
(pulsed exposure). 
Silver staining and nuclear staining revealed that the wound still had not 
closed after 24 hours. After 48 hours' culture the wound was closed in three of 
the four corneas. In all corneas cultured longer the wound was likewise found 
to have closed. Silver staining showed an irregular cell pattern at the centre of 
the wound area; next came a zone of transition, and at the periphery the cell 
pattern was normal. 
Two pairs of corneas were not submitted to autoradiography (table 4.2.6). 
ТАВІ.П 4.2.6 Autoradiographic results in 20 human corneas cultured for 1, 2, 3 or 4 days. Figures 
in brackets indicate numbers of positive nuclei in the wound area. In each pair of corneas, one had 
a standard mechanical wound (smw) and the other a transcorneal cryo-lesion (tel). 
Pair of Age in Duration of culture Donor time* Mitosis Wound 
corneas years 1 day 2 days 3 days 4 days in hours closed 
number 
I 
I»* 
2 
2** 
3 
3** 
4 
4** 
5 
5 " 
6 
6** 
7 
7** 
8 
8** 
9 
9** 
10 
10** 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
smw 
tel 
45 
45 
50 
50 
26 
26 
45 
45 
42 
42 
25 
25 
2 
2 
15 
15 
67 
67 
45 
45 
neg. 
neg. 
neg. 
neg. 
n.d. 
n.d. 
pos. 
pos. 
(150) 
(120) 
n.d. 
n.d. 
pos. 
neg. 
pos. 
pos. 
pos. 
pos. 
(95) 
(30) 
(45) 
(186) 
(13) 
I 
pos. 
neg. 
neg.' 
neg. 
20 
20 
14 
14 
20 
20 
19 
19 
16 
16 
12 
12 
18 
18 
12 
12 
(31) 18 
18 
14 
14 
n.a. 
• n.a. 
n.a. 
n.a. 
pos. 
neg. 
n.a. 
n.a. 
pos. 
neg. 
n.a. 
n.a. 
n.a. 
n.a. 
pos. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
no 
no 
no 
no 
yes 
yes 
no 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
* Donor time = interval between death and start of culture. 
** Second cornea of a pair. 
n.a. = not assessible. 
n.d. = not done. 
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Mitotic figures were found in those two specimens with a mechanical 
endothelial lesion, but not in the fellow two with a transcorneal cryo-lesion. 
All other pairs of corneas were submitted to silver staining, combined with 
autoradiography and nuclear staining The autoradiograph was negative in all 
cases after 1 day, and positive after 2 days. Of the six corneas cultured for 3 
days, five were autoradiographically positive; of the 4-day specimens, only one 
out of four corneas was positive (table 4.2.6). 
In nearly all specimens submitted to autoradiography, the background density 
was too intensive to permit evaluation of the nuclear staining The exception 
was one specimen, in which eight mitotic figures were found 
4.2.7 Influence of exogenous factors 
The purpose of this experiment was to establish whether the observed 
proliferation of endothelial cells could have been induced non-specifically by 
the foetal calf serum used. This calf serum contains many unknown factors. 
which might stimulate proliferation. 
TABLE 4 2 7 Autoradiographic results in 16 human corneas cultured for I, 2, 3 or 4 davs Figures 
m brackets indicate numbers of positive nuclei in the wound area In each pair of corneas, one was 
cultured with and the other without foetal calf serum Standard wound 
Pair of 
corneas 
number 
1 
1** 
2 
2** 
3 
3** 
4 
4** 
5 
5** 
6 
6** 
7 
7** 
8 
8** 
fcs+ 
fes-
fcs+ 
fes-
fcs+ 
fes— 
fcs+ 
fes-
fcs+ 
fes-
fcs+ 
fes-
fcs+ 
fes-
fcs+ 
fes-
Age in 
years 
70 
70 
35 
35 
34 
34 
16 
16 
21 
21 
58 
58 
69 
69 
31 
31 
1 day 
n d 
n d 
Duration of cullu 
2 days 
pos (212) 
pos (292; 
n d 
n d 
culture infected 
re 
3 days 
1 
1 
pos 
pos 
n d 
n d 
n d 
(23) 
(90) 
4 days 
pos 
pos 
n d 
n d 
(30) 
(6) 
Donor time* 
in hours 
15 
15 
16 
16 
15 
15 
16 
16 
15 
15 
13 
19 
19 
9 
9 
Mitosis 
neg 
neg 
neg 
neg 
pos 
neg 
pos 
pos 
pos 
pos 
pos 
neg 
pos 
pos 
pos 
Wound 
closed 
no 
no 
yes 
no 
yes 
no 
yes 
yes 
yes 
no 
yes 
yes 
yes 
yes 
no 
* Donor time = interval between death and start of culture 
** Second cornea of a pair 
fcs+ = medium with foetal calf serum 
fes— = medium without foetal calf serum 
π d = not done 
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One cornea of a donor pair was cultured in a medium containing foetal calf 
serum, while the fellow cornea was cultured without this serum. The duration 
of culture per pair of corneas was the same (table 4.2.7). Eight donor pairs 
were thus treated. In both groups the endothelial wound had not closed after 
one day, but migration had started. The endothelial wounds in the corneas 
cultured with foetal calf serum had closed after 2, 3 and 4 days. In the corneas 
cultured without foetal calf serum endothelial wound closure was delayed, but 
did occur (table 4.2.7). 
Three pairs of corneas were submitted to autoradiography, which was positive 
in all six specimens (table 4.2.7). Nuclear staining disclosed mitotic figures in 
both groups (figs. 43, 44, 45, 46). 
4.2.8 Scanning electron microscopy of endothelial wound healing 
The purpose of this experiment was to establish whether this way of studying 
wound healing would supply additional information with the different visual-
ization of wound healing. 
Hour 0 after trauma: 
The specimen showed a circular endothelial wound with a sharply defined 
margin. The endothelial cells immediately adjacent to the wound margin 
showed some damage, but the more peripheral cells had a normal, regular cell 
pattern. The interdigitation of the apical folds at the apical cell boundary was 
clearly visible (fig. 47). 
Day 1 after trauma: 
The wound area had largely closed. The cells had lost their normal shape and 
were evidently irregular. This pattern gradually changed to the normal pattern 
at the periphery. The processes of the endothelial cells which had migrated into 
the wound were seen to cross each other. 
Day 2 after trauma: 
Crossing cell processes were observed in the now virtually closed wound area. 
The cells at the periphery of the cornea presented a normal appearance. Cell 
notchings indicating a cytokinetic event were not observed (fig. 48). 
Day 3 after trauma: 
The features of the wound area had no changed essentially since day 2. 
Crossing cell processes were observed. In other parts of the wound area, cell 
boundaries were seen where the apical folds were already interdigitating again. 
There was no evidence of cytokinesis, and the periphery showed a normal cell 
pattern. 
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FIG. 43 Silver staining and nuclear staining of human cornea after 3 days ' culture. Figs. 43 and 44 
show the same specimen. 
A. Central wound area in which the cell processes (arrow) which link the cells are visible. A 
metaphasic mitotic figure (asterix) and telophase (double asterix) are likewise visible. 
B. Periphery of the same cornea. Each endothelial cell has one nucleus. 
The culture medium contains no foetal calf serum. Donor aged 21. 
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FIG. 44 Silver staining and nuclear staining of human cornea after 3 days ' culture. Figs. 43 and 44 
show the same specimen. 
A. Central wound area in which various mitotic figures are visible. Metaphasic mitotic figures (I) 
and an anaphase (2) are visible. 
B. Different part of the same wound area, in which long cell processes (arrow) are visible which 
cross each other. Also visible are a prophase (1), a metaphase (2) and a telophase (3). 
The culture medium contains no foetal calf serum. Donor aged 21. 
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FIG. 45 Nudear staining of human cornea after 3 days' culture. Figs. 45 and 46 show the same 
specimen. 
A. Cells linked by cell processes (arrow) and mitotic figure, prophase (I) and melaphase (2). 
B. Mitotic figure, anaphase (I). 
The culture medium contains foetal calf serum. Donor aged 58. 
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FIG. 46 Nuclear staining of human cornea after 3 days' culture. Figs. 45 and 46 show the same 
specimen. 
A. Cell junctions in the central wound area: some cell processes cross each other (arrow). 
B. Mitotic figure, telophase (I). 
The culture medium contains foetal calf serum. Donor aged 58. 
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FIG. 47 SEM of human cornea 0 hour after trauma. Magnification of an area localized beside the 
wound. Unmistakable interdigitation of the apical folds (arrow). Donor aged 29. 
Day 4 after trauma: 
The cells in the wound area showed fewer cross-links than on previous days. A 
normal apical cell boundary was seen at some sites (fig. 49). The cells in the 
"wound area showed a more uniform morphology, while those at the periphery 
presented a normal, regular appearance. No evidence of cytokinesis was 
found. 
4.2.9 Cross-sections 
In this experiment, corneal cross-sections were studied in order to establish the 
normal anatomy and histology of the endothelial wound. Silver-stained 
corneas (with and without wound) were also examined, in order to gain an 
impression of the localization of the silver deposit. 
4.2.9.1 Normal endothelium 
The following findings were obtained in normal corneal endothelium, without 
lesion and not stained with silver. 
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FIG. 48 SEM of human cornea after 2 days ' culture. The wound is virtually closed. The wound 
area is populated by cells with long processes that cross each other (arrow). Donor aged 30. 
FIG. 49 SEM of human cornea after 4 days ' culture. The wound area is closed by cells which at 
some sites already show a normal apical cell demarcation (aslerix). At other sites cell processes are 
still seen to cross each other (arrow). Donor aged 30. Compare with ßg. 46 A and ftg. 57. 
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FIG. 50 ТЕМ of normal human cornea. Descemeí's membrane and endothelium. The densifua-
tion beneath ¡he apical cell membrane is ¡he terminal web (asterix). The interdigitation oj the 
lateral cell membrane (arrow) and the numerous mitochondria (double arrow) are clearly visible. 
The two layers of Descemet's membrane - the older (I) and the younger (II) - are distinguishable. 
Donor aged 20. 
Light microscopy: 
Descemet's membrane had about the same thickness as the endothelium. The 
endothelial cell nuclei were oval-shaped, sometimes flattened on one side, and 
were localized at the centre of the cell. 
Transmission electron microscopy: 
Two parts of Descemet's membrane were distinguishable. The anterior (older) 
part presented a vertical band-like appearance; the posterior (younger) part 
had more amorphous granular features (fig. 50). 
The endothelium showed an apically localized dense, homogeneous intracel-
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FIG. 51 ТЕМ of normal human cornea. Magnification of detail of fig. 50. Apical fold (asterix). 
The lateral cell membrane (arrow) with its tortuous course is clearly visible. The cytoplasm 
contains many mitochondria (M). Donor aged 20. 
lular structure: the terminal web. At the cell boundary this structure - together 
with the adjacent cell - formed the terminal bar (belt desmosome and tight 
junction). The mitochondria and the Golgi apparatus were visible in the 
cytoplasm. The apical fold was quite distinctly visible at the site of the terminal 
bar (see 2.2.7). A very tortuous course of the intercellular space and 
interdigitation with adjacent cells were the rule rather than the exception (figs. 
50 en 51, compare fig. 2). 
4.2.9.2 Normal endothelium at silver staining 
Light microscopy: 
Descemet's membrane showed no changes. In the silver-stained specimen the 
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FIG. 52 Normal human cornea, stained with silver (A) and after-stained with haematoxylin and 
eosin (B). The thin layer of silver on the apical cell membrane is more clearly visible in A. An 
intensive accumulation of silver particles is visible between the cell nuclei (arrow). Donor aged 20. 
endothelial cells were found to be covered with a thin layer of silver particles, 
showing some increased density at a few sites. The silver was localized on the 
cell surface (fig. 52A and 52B). Tight junctions prevented invasion of the 
intercellular space. A dark dot indicated the accumulation of silver particles 
beneath the apical fold which transmission electron microscopy (fig. 54) 
revealed. This accumulation was often localized between cell nuclei, and at 
some sites partly invaded the intercellular space. A similar silver localization 
was found in the specimens after-stained with haematoxylin and eosin, but in 
these specimens the normal cell structures were more clearly visible (fig. 52B). 
In the specimen not after-stained, however, the silver layer was more clearly 
visible (fig. 52A). 
Transmission electron microscopy: 
Much of the cytoplasmic structure had been lost in these sections, possibly as a 
result of the low pH of the silver nitrate solution (pH=5.6) in which the cornea 
was washed for 10 seconds as part of the silver staining procedure. Minute 
silver particles were visible on the apical cell surface (figs. 53 and 54). 
Translucencies and an occasional silver particle were visible at the site of the 
apical folds. The larger silver particles deposited were lost as a result of the 
processing (probably while the sections were cut), causing the translucency. 
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FIG. 53 ТЕМ of normal human corneal endothelium, stained with silver. The fine deposit of silver 
particles (arrow) is visible on the apical cell membrane. A defect in the section is visible beneath 
the apical fold (asterix). The silver accumulation was probably lost in the course of processing. 
Conor aged 32. 
FIG. 54 Г£Л/ of normal human cornea. Magnification of detail of fig. 53. The fine silver particles 
(arrow) are visible on the apical cell membrane. Beneath the apical fold (double arrow), a defect in 
the section is visible (asterix). The silver accumulation was probably lost in the course of 
processing. Donor aged 32. 
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FIG. 55 Autoradiograph of a cross-section of a human cornea after 3 days' culture. The 
densification of the film emulsion by the incorporated tritium thymidine is localized above the 
nucleus of the endothelial cell. The endothelial cells are slightly flattened. Descemet 's membrane 
(asterix) is quite intact. Donor aged 41. 
4.2.9.3 Wound healing at silver staining 
Corneas with a standard wound were cultured for 1 day and 2 days, stained 
with silver and then studied. 
Transmission electron microscopy: 
The apical cell surface showed numerous small evaginations and was covered 
with silver particles. These particles had also invaded the intercellular space, 
especially in the central part of the wound area where the intercellular spaces 
were widest and had not yet been closed by tight junctions. At some sites the 
silver nitrate even proved to have invaded Descemet's membrane. The 
cytoplasm showed severe damage, possibly as a result of the silver staining. 
4.2.9.4 Wound healing at silver staining and autoradiography 
Corneas with a standard wound were cultured for 3 days, with pulsed exposure 
to tritium thymidine, stained with silver and then studied. 
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FIG. 56 ТЕМ of human cornea with standard endothelial wound after 3 days ' culture. Microvilli 
on the apical cell membrane of the endothelium (arrow). Donor aged 41. 
Light microscopy: 
The silver particles were localized mainly on the apical cell membrane. At 
some sites the silver nitrate had advanced between the cells to invade 
Descemet's membrane, particularly in the central part of the wound area. 
Autoradiography revealed that it was evidently the nucleus of the endothelial 
cell that synthesized DNA (fig. 55). Descemet's membrane was entirely intact. 
Transmission electron microscopy: 
The cytoplasmic structure was severely damaged. Small evaginations of the 
cell membrane were visible (fig. 56), as was the crossing of endothelial cell 
processes in the wound area (fig. 57). Wider intercellular spaces were found in 
the central part of the wound area. 
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FIG. 57 ТЕМ of human cornea with standard wound after 3 days ' culture. The cell processes of 
two endothelial cells (I and II) are seen to cross in the central wound area. The lateral cell 
membrane is clearly visible (arrow). Donor aged 41. 
4.3 IN-VIVO HUMAN CORNEAL ENDOTHELIAL WOUND HEALING 
The final part of the study concerned in-vivo human corneal endothelial 
wound healing. Two patients who were to undergo enucleation volunteered for 
this experiment, and gave their informed consent in writing. In both, a 
transcorneal cryo-lesion of the endothelium was induced. Endothelial wound 
healing was then studied by the technique described. 
I am especially indebted to E.W.D. Norton, M.D., who helped to recruit these 
two patients for the experiment, and to H.W. Flynn Jr, M.D. and S.L. Jaben, 
M.D. of the Bascom Palmer Eye Institute, Miami, Florida, USA, who 
permitted their patients to participate. 
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Patient 1 
Patient 1 was a 67-year-old white male, who was to undergo enucleation of his 
right eye in view of the presence of a malignant melanoma of the choroid. The 
cornea was entirely normal at slit-lamp examination. There was no sign of 
cornea guttata. 
A transcorneal cryo-lesion of the central corneal endothelium was induced 72 
hours before the planned enucleation. The inflicting of the wound was done 
under topical anaesthesia, (febr. 27, 1981). The timing was based on the fact 
that the experiments with the primates and the cultured human corneas had 
shown that 72 hours was the interval after which DNA synthesis and mitotic 
figures were most likely to be found. 
After cryocoagulation, only a pressure bandage was applied to the eye. Six 
hours after the intervention the patient complained of fairly intensive pain in 
the eye. In order to minimize the possible effect of medication on wound 
healing, a single application of a topical anaesthetic was given. The pain 
disappeared immediately. Twelve hours later (i.e. 18 hours after the interven­
tion) the patient noticed no more than a slight inconvenience. 
On the day of the enucleation (march 2, 1981) the eye showed central stromal 
oedema with fine folds in Descemet's membrane. The aqueous humour 
contained a moderate amount of cells (+) and flare (+). Specular microscopy 
was impossible due to the stromal oedema. 
After enucleation of the eye and dissection of the cornea, the cornea was 
incubated for one hour in vitro at 370C in the medium described (see 3.2.1), 
which contained tritium thymidine (5 μ€ί/ ml). After this hour silver staining 
was done, followed by fixation in 5% glutaric aldehyde at 4°C, autoradio­
graphy and nuclear staining. The maximum interval between enucleation and 
fixation was 2 hours. 
Silver staining revealed a normal, regular endothelial pattern at the corneal 
periphery. The cell pattern gradually changed in central direction. The most 
peripheral cells in this zone of transition began to arrange themselves radially 
in the direction of the wound. Further towards the centre there was a gradual 
change to more irregular cells. The wound proper contained endothelial cells 
with an irregular appearance (fig. 58). 
In order to minimize corneal curling, only the central 9 mm part of the cornea 
was used for autoradiography. The number of DNA-synthesizing cells in the 
wound area was 76 (fig. 59, compare with table 4.2.4 and survey C). Not a 
single positive cell was found at the periphery of the specimen, where the cell 
pattern was regular. Nuclear staining revealed a few mitotic figures in the 
central wound area (fig. 60). The nuclei of the cells in the wound area and the 
transitional zone were larger than those of the cells at the periphery. 
Patient 2 
Patient 2 was a 65-year-old black female, who was to undergo enucleation of 
103 
FIG. 58 Silver staining of human cornea J days after cryo-inäuced lesion in vivo. The normal 
regular endothelial pattern at the periphery (P) changes via a transitional zone (TZ) to an irregular 
cell pattern in the wound area (W). Patient 1. aged 67. Autoradiography and nuclear staining are 
still to he done. 
I 
FIG. 59 Silver staining, autoradiography and nuclear staining of a human corneal endothelial 
wound in vivo. Unmistakable irregular endothelial cell pattern in the central wound area (asteria). 
Λ few autoradiographically positive cells (arrow). Patient I. aged 67. 3 days after transcorneal 
cryo-lesion of the endothelium in vivo. 
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FIG. 60 Silver staining, autoradiographv and nuclear staining of a human corneal endothelial 
wound in vivo. A melaphasic mitotic figure (arrow) is found in an different part of the central 
wound area than that shown in fig. 59. 
her right eye in view of the presence of a malignant melanoma of the choroid. 
Slit-lamp examination revealed a few guttata spots at the centre of the cornea. 
No other changes were found in the anterior segment. 
The transcorneal cryo-lesion of the endothelium (march 11, 1981) was induced 
48 hours before the planned operation, in the way described for the first 
patient. Stromal oedema was observed in the wound area 18 hours after 
freezing: the deep stromal layers presented a whitish appearance (fig. 61). and 
showed a few keratic precipitates and folds. The anterior chamber contained a 
few cells and some flare. 
There was also an erosion of corneal epithelium, which caused but little 
subjective inconvenience (as did the intervention itself). The epithelial erosion 
had healed 42 hours after freezing, but the stroma was still oedematous. At this 
time the aqueous humour contained numerous cells (++) and much flare 
(++). In view of cardiac arrhythmia during induction of general anaesthesia, 
the operation was postponed 72 hours. 
On the day of the operation (march 16, 1981), i.e. 120 hours after induction of 
the cryo-lesion, the stromal oedema had largely disappeared (fig. 62). The deep 
stromal layers still showed greyish discoloration, which could only be observed 
with the aid of indirect illumination. 
The procedure which followed enucleation of the eye was the same as that in 
the first patient, as was the histological technique used. 
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FIG. 61 Slit-lamp photograph of the cornea 18 hours after transcorneal endothelial trauma. The 
stroma is swollen and whitish (arrow). Patient 2, aged 65. Wound healing in vivo. 
FIG. 62 Slit-lamp photograph of the cornea ¡20 hours after transcorneal endothelial trauma. The 
cornea has virtually regained its normal thickness. Compare with fig. 61. Patient 2, aged 65. 
Wound healing in vivo. 
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Silver staining showed that the endothelial wound had largely closed. The 
endothelial configuration was regular at the periphery. The central wound 
showed an irregular endothelial pattern comparable to that observed in the 
first patient. Centre and periphery were separated by a transitional zone. 
Again, only the central 9 mm part of the cornea was used for autoradiography. 
Specular microscopy was now possible, and revealed large irregular cells at the 
centre of the corneal wound area, whereas at the periphery the endothelial cells 
showed a regular pattern and were smaller (fig. 63). 
Autoradiography revealed that 30 cells in the wound area had synthesized 
DNA during the hour of exposure of the wound to tritium thymidine in vitro 
(5μ(Γί/Γη1). In none of the endothelial cells at the periphery of the specimen 
DNA synthesis was observed. One mitotic figure was found. The nuclei of the 
cells in the wound area and transitional zone were larger than those of the cells 
at the periphery. Some nuclei of cells at the wound centre were pyknotic. They 
were found in a part of the wound which had not yet stained with silver. 
FIG. 63 Specular microscopy of human corneal wound 120 hours after Iranscorneal cryo-lesion. 
A. Endothelial features in the central wound area. The cells are large and irregular. B. Endothelial 
features of an area outside the wound. The endothelial cells are smaller and more regular. Patient 
2, aged 65. Wound healing in vivo. 
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CHAPTER 5 
CONCLUSIONS AND DISCUSSION 
Failure of corneal grafts can have a variety of causes, and the problem in 
diagnosis is differentiation between immunological and non-immunological 
factors. In actual practice, the decision is made on the basis of clinical 
experience. 
The final result of grafting is partly determined by the wound healing process. 
Rapid, effective wound healing, and more specifically re-endothelialization, 
exerts a favourable influence on the prognosis of corneal grafts (Witmer 1980). 
The histopathology of failed penetrating human corneal grafts often reveals 
disturbances in deep-layer wound healing, frequently associated with retrocor-
neal membrane formation (Chi et al. 1962; Hales and Spencer 1963; Rycroft 
1965; Brown and Kitano 1966; Kurz and D'Amico 1968; Winter 1969; Smith 
1970; Kanai et al. 1972; Hinzpeter and Naumann 1977; Knöbel and V. 
Damarus 1979; Lahav and Cadet 1979). Clinically, retrocorneal membrane 
formation is often found in corneal grafts with less-than-optimal wound 
healing of the deep layers (Lemp 1976; Hin/petcr and Naumann 1977). 
For specific research into the healing of human corneal grafts, animal models 
should be available which reflect the human situation as faithfully as possible. 
The current view is that corneal endothelium of primates, including man, is 
incapable of proliferation as part of wound healing (Kaufman et al. 1966; 
Stocker 1971; Capella 1972; Van Horn and Hyndiuk 1975; Doughman et al. 
1976; Kaufman and Katz 1977; Gospodarowicz et al. 1979; Renard étal. 1981), 
whereas the corneal endothelium of young adult rabbits has this ability (Mills 
and Donn 1960). 
Since the amount of endothelial cells which finally survive the operation 
correlates with the ultimate success of a graft, the extent and localization of 
peroperative endothelial cell loss was first studied. This was done with the aid 
of scanning electron microscopy and vital staining with trypan blue. This dye 
stains only damaged cell membranes (Stocker et al. 1966; Stocker 1971; 
Wickham and Binder 1976) and Descemet's membrane. The reliability of 
trypan blue in identifying cellular damage was demonstrated by Robbins et al. 
(1965) in a comparative study with a non-vital stain: nitro blue tetrazolium. It 
was found that both scanning electron microscopy and vital blue staining 
(compare figs. 9 and 10) showed that the damage with this operative technique 
was confined to the wound margin. These findings were consistent with those 
of a study in rabbits (Schimmelpfennig 1982). 
In a limited number of animals, endothelial wound healing was studied in 
some detail with the aid of scanning electron microscopy and trypan blue 
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staining. It was found that the denuded part of Descemet's membrane, along 
the wound margin, rapidly re-endothelialized: in 3-5 days. This was confirmed 
by other investigators (Kaye et al. 1962; Polack et al. 1964; Paure et al. 1971; 
Oison et al. 1978). 
The re-endothelialized part shows an irregular cell pattern with gradual re-
arrangement to a more uniform pattern (Capella 1972; Hirsch et al. 1975; Van 
Horn and Hyndiuk 1975; Sherrard 1976; Van Horn et al. 1977; Rao et al. 1978, 
1980; Yano and Tanishima 1980; Renard et al. 1981; Mishima 1982). 
Re-endothelialization of the stromal part of the wound was much slower, in 
agreement with findings reported by Polack et al. (1964) and Ruusuvaara 
(1980). The absence of the physiological substrate must play a role in this 
respect (Gospodarowicz and 111 1980). The difference in re-endothelialization 
of the stromal part of the wound in the same animal can be explained by a 
difference in wound adaptation (fig. 20). This was also observed by Landolt 
(1980) in a study of wound healing after cataract operations. 
Good wound adaptation, particularly in the deeper layers, is of great 
importance for rapid re-endothelialization (Heller et al. 1971; Sanchez et al. 
1974; Eve and Troutman 1976). A surgical technique purposefully focused on 
this is of vital importance. Although this technique involves more manipula-
tion (with probably more endothelial loss), it is conceivable that the better 
adaptation of the deep layers is more important. 
The results of the wound healing study prompted the question of the 
mechanisms underlying the endothelial healing process. Does this involve only 
migration, as generally assumed, or a proliferative aspect as well, as virtually 
all healing processes do? 
To study this question, a histological technique was used which had not been 
previously described as a combination and which made it possible to study 
migration as well as proliferative features in the same specimen. Silver staining 
indicates the apical cell boundary, provided there are sufficient cell junctions 
between the cells (experiment 3.1.2.9). This makes it possible to study cell 
migration. The proliferative aspect was studied by demonstrating DNA 
synthesis (autoradiography) of incorporated tritium thymidine; in some cases 
this was combined with nuclear staining to demonstrate mitotic figures. 
This technique provided more information than scanning electron microscopy 
(Renard et al. 1981; experiment 3.1.2.8) and scanning electron microscopy 
combined with autoradiography (Schutten et al. 1980). Moreover, scanning 
electron microscopy is more elaborate, expensive and time-consuming. Finally, 
the histological technique described in this study made it possible to study 
endothelial wound healing in a combined stromal and endothelial wound. 
The experiments in non-human primates revealed that endothelial wound 
healing occurred in vivo and that migration as well as proliferation was 
involved (experiments 3.1.2 and 3.1.3). This finding confirmed reports by 
Gloor et al. (1980) and Svedbergh (1975). The endothelial healing process 
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showed a similar morphological aspect in both experiments, although the two 
groups differed in that the one in experiment 3.1.2 had a purely endothelial 
lesion while that in experiment 3.1.3. had a stromal as well as an endothelial 
lesion. 
The course of wound healing can be described as follows. Immediately after 
infliction of the wound, migration of endothelial cells started, resulting in a 
radial arrangement of endothelial cells round the wound margin (figs. 24 and 
27). DNA synthesis started after a latent period of about 24 hours, and was 
confined to the wound area proper. DNA synthesis diminished as soon as the 
wound was closed (experiment 3.1.2) or after 5-6 days, even if re-endothelial-
ization had not yet been completed (experiment 3.1.3). The endothelial cells in 
the wound area showed an irregular pattern. In experiment 3.1.3, in which a 
stromal wound existed as well, DNA synthesis was observed in the stromal 
part of the wound on the 6th day. In view of their arrangement, these cells 
probably originated from the stroma. 
Disturbed endothelial continuity, e.g. in a blood vessel after inplantation of a 
vascular prosthesis, causes the endothelial cells to regenerate rapidly over large 
distances of the inner surface, until proliferation and migration are inhibited 
and finally arrested as a result of contact inhibition (vide infra) (Hess et al. 
1982). 
The animal experiments described in this thesis revealed that disturbance of 
endothelial continuity was followed by rapid migration, supported by some-
what slowly starting proliferation. When the endothelial wound closed, 
proliferation diminished as a result of contact inhibition. The term 'contact 
inhibition' comes from cell cultivation work and implies the cessation of 
movement of animal cells as soon as they come into contact with each other. 
This contact, which occurs when separately growing islets of the monolayer 
start to become confluent, plays a role in the diminution of mitotic activity. 
This diminution of mitotic activity also depends on other factors (Schutz and 
Mora 1968; Yeh and Fisher 1969; Delbucco 1970; Martz and Steinberg 1974; 
Folkman and Moscona 1978; Zetterberg and Auer 1979). Stoker and Rubin 
(1967) proposed the term 'contact inhibition' for the arrest of cellular 
movements, and described the diminution of mitotic activity as 'density-
dependent inhibition'. This suggestion, however, is not always consistently 
followed. 
The pattern of corneal endothelial wound healing observed in experiments on 
adult monkeys differs from the generally accepted view. The findings in these 
experiments were more consistent with corneal endothelial wound healing as 
found in rabbits, young and old. 
Recent research had demonstrated that, contrary to the current views on 
corneal endothelial healing, the human cornea in vitro is indeed capable of 
proliferation. Simonsen et al (1981) demonstrated in vitro DNA synthesis as a 
feature of corneal endothelial wound healing. Zagorski (1980) described 
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mitotic figures, and Squires and Weimar (1980) did so too. The latter authors 
stimulated wound healing with growth factors. 
Autoradiography, although an indirect method of demonstrating proliferation, 
is used in actual practice as a method to study mitotic activity of tissues. In this 
technique, tritium thymidine is used to demonstrate that a cell has attained the 
S-phase of the cell cycle (see 2.4.1), and synthesizes DNA required for cell 
division. Demonstration of mitotic figures, however, provides direct evidence 
that the cell has attained the M-phase. 
In higher animal species the S-phase of a cell cycle is in fact always followed by 
an M-phase (Ham and Cormack 1979; Karp 1979), the daughter cells coming 
to rest in the Gpphase or again participating in a cell cycle. Gelfant (1963) 
described a G2-phase arrest in mouse epidermis. He regarded this as part of the 
healing mechanism, to be activated if necessary. 
The histological technique described - silver staining to visualize migration, 
autoradiography to demonstrate DNA synthesis, and sometimes nuclear 
staining to demonstrate mitotic figures - was used to study in-vitro human 
corneal endothelial wound healing. 
The equipment described made it possible to standardize the endothelial 
wound so that the various results could be compared. 
The experiments performed to study in-vitro human corneal endothelial 
wound healing after continuous (3.1.2.3) and pulsed (3.1.2.4) exposure to 
tritium thymidine, clearly demonstrated DNA synthesis and mitotic figures as 
features of the wound healing process. Experiment 3.1.2.5 revealed autoradio-
graphically positive mitotic figures and thus clearly demonstrated that the 
direct and the indirect technique to show proliferation were in agreement. This 
means that cells which show mitosis during the culture period must have 
incorporated the radioactive tritium thymidine label; in other words: the S-
phase of these cells was followed by an M-phase. In the control experiment 
(3.1.2.2) with continuous exposure to the label but without infliction of an 
endothelial wound, no DNA synthesis was observed in the central corneal 
endothelium. 
Experiment 3.1.2.7 excluded the possibility of non-specific stimulation of 
proliferation by exogenous factors contained in the foetal calf serum which 
was added to the culture medium with one, but not with the other cornea of 
each pair. In this was, a possible individual difference in proliferative potency 
between donors was excluded as well. Preparatory to in-vivo study of corneal 
endothelial wound healing, experiment 3.1.2.6 was performed in order to 
establish whether a qualitative difference might be found between a trans-
corneal cryo-induced endothelial lesion and a standard mechanical endothe-
lial wound. This was considered necessary because in the in-vivo study it 
would be impossible to induce a mechanical endothelial lesion without 
invading the eye. Transcorneal cryo-lesion of the endothelium would be the 
only feasibility in in-vivo studies. 
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The results of this experiment (4.2.6) revealed no qualitative differences in 
wound healing. 
In view of the results of the in-vitro experiments, it was decided to perform the 
in-vivo examination at a time at which proliferative activity was most likely to 
be visible: 2-3 days after infliction of the endothelial wound. This meant that 
the endothelial wound had to be inflicted 2-3 days before the scheduled 
enucleation of the eye. Due to unforeseen circumstances (see 4.3), wound 
healing was in actual fact studied 3 and 5 days after infliction of the wound, 
respectively. The tritium thymidine labelling of cells possibly in the S-phase 
was done in vitro (see 3.1.3). 
The results obtained show that human corneal endothelium in vivo is certainly 
capable of proliferation in response to a lesion, even at an advanced age (the 
two participants were 65 and 67 years old). 
Close similarities in the pattern of corneal endothelial healing were observed in 
human in-vitro and in-vivo studies. The pattern showed the same sequence and 
the same morphological characteristics as non-human corneal endothelial 
wound healing in vivo (compare; fig. 24; non-human primate, fig. 34; human 
cornea in vitro and fig. 58; human cornea in vivo). 
How can we explain the hitherto generally accepted view that the corneal 
endothelium of primates (including man) is incapable of proliferation as a 
feature of wound healing? The test animals used initially were young adult 
rabbits, in which it was subsequently established that spontaneous cell 
divisions and DNA synthesis occurred in the corneal endothelium. It was 
therefore not very surprising that proliferative activity was also observed in 
wound healing in these animals. 
The fact that no cell divisions were found in human material led to the 
conclusion that they should also be absent during wound healing. The fact that 
in studies of corneal endothelial wound healing, using scanning electron 
microscopic techniques, in cats and non-human primates did not actually 
reveal proliferative activity (Van Horn and Hyndiuk 1975) strengthened the 
impression that human corneal endothelial healing involved no proliferation, 
and that the two animal species studied should be suitable to imitate a human 
situation in experiments. The animals used were adults, even adult rabbits 
(Mills and Donn 1960; Oh 1963) show no spontaneous cell division in the 
corneal endothelium. The spontaneous cell divisions observed in young adult 
rabbits should be viewed in the light of yet-to-be-completed organ formation 
(Ham and Cormack 1979). 
Whether spontaneous cell divisions occur in human neonates is unknown. The 
chance of finding proliferative activity is best when autoradiographic techni-
ques are used because the S-phase lasts longer than the M-phase, and 
consequently the chance of finding a proliferating cell is better during the S-
phase. 
Studies involving the labelling of young human corneal endothelium in vitro, 
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in the manner described in this thesis, in order to establish whether prolifera-
tion occurs, have never been performed. 
All tissues of an organism except nerve cells are subject to physiological 
regeneration. Particularly cells of tissue exposed to severe physiological 
demands are likely to have great powers of physiological regeneration. 
Examples are the cells of the skin, the intestinal epithelium and the bone 
marrow. 
Compared with the epithelium of the skin, that of the cornea is very exposed to 
microtraumata. There is a constant threat of dehydration; there is exposure to 
marked differences in temperature and minute particles causing minute 
lesions; a high degree of physiological regeneration is therefore required and 
present. 
The liver, whose cells are for the most part in the postmitotic phase (Cowdry 
1942), shows much less physiological regeneration. The liver cell cycle can 
cover a period of several months. The demand for physiological regeneration 
of vascular endothelium is likewise low, and for corneal endothelium it is in 
fact extremely low, or even absent (absence of spontaneous cell divisions in 
specimens indicates this). 
Corneal endothelium is in an anatomically privileged position and its task is 
'merely' to form a barrier between stroma and anterior chamber. Unlike 
vascular endothelium, moreover, it is hardly exposed to microtraumata. These 
tissues -liver, vascular endothelium and corneal endothelium - are sometimes 
described as 'bradytropic' tissues in view of their low physiological regenera-
tion. In view of their high metabolic activity, this designation is not entirely 
appropriate. However, these 'bradytropic' tissues are capable of rapid regen-
eration when the situation requires this. For example the liver shows a high 
degree of liver cell regeneration after subtotal hepatectomy (Jerusalem and 
Zaki 1958). Vascular endothelium shows a similar reaction after both mechan-
ical and chemical traumata (Schwartz et al. 1978; Haudenschild and Schwartz 
1979; Hess et al. 1982). 
The present study (see subsection 4.2 and 4.3) has demonstrated that this rapid 
regeneration, migration and proliferation, occurs also in human corneal 
endothelium. 
There are many similarities in the reaction pattern which follows damage to 
'bradytropic' (liver, vascular endothelium, corneal endothelium) and that 
which follows damage to 'non-bradytropic' tissues (skin, corneal epithelium, 
intestinal epithelium). The cells which surround the wound and function as 
lining lose part of their junctions and arrange themselves more loosely 
(Ortonne et al. 1981). The first reaction is migration, which 24 hours after its 
start is supported by mitotic activity (bradytropic tissues) or by an increase in 
the normally present mitotic activity (non-bradytropic tissues). This prolifer-
ative activity attains its maximum after about 3 days, and then gradually 
returns to its initial level. This healing of skin wounds has been studied in 
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detail, and was found to depend on many parameters (Pollack 1979, 1979a, 
1979b; Ortonne et al. 1981). 
When the damage is not confined to the covering layer but also affects the 
underlying structure, a healing process starts in this tissue also (the subcutis of 
the skin, the vascular wall of the vascular endothelium, the stroma of the 
corneal endothelium). The vital cells migrate into the wound area and begin to 
show mitotic activity as well as to synthesize collagen. This proliferative 
process requires a longer starting time: about 5 days (Binder et al. 1980; Goder 
1980; Pollack 1979). Once the covering layer closes the wound, granulation 
activity in the underlying wound diminishes, or even fails to start (Hauden-
schild and Schwartz 1979). This phenomenon was also observed in the present 
study (fig. 20). 
Rapid re-endothelialization of the wound more or less guarantees ideal wound 
healing (Witmer 1980), and in this respect endothelial healing can be regarded 
as a race against time. 
So far as corneal wounds are concerned, rapid re-endothelialization could 
arrest the granulation process in the stroma, thus preventing retrocorneal 
membrane formation. Moreover, rapid re-endothelialization can minimize a 
possible immunological acknowledgement of and reaction to the antigenic 
diffences of the eel membrane between regenerating and resting endothelium 
(Manski and Whitside 1974). 
Due to their localization in the eyeball, corneal endothelium and lens 
epithelium are not in direct contact with the blood circulation. In this respect a 
few comparisons can be made between in-vivo and in-vitro studies. The 
epithelium of the lens, for example, shows relatively low proliferative activity 
in vivo. Isolated cells of the lens epithelium, however, show very high 
proliferative activity under tissue culture conditions. So high in fact that about 
700 reduplications occur within a few weeks (Mungyer and Jerusalem 1979). 
It is the general experience of tissue culture specialists that proliferation of 
cells in vitro is preceded by a kind of adaptation period. During this period the 
seeded cells have to build up an ultimate culture condition which a cell culture 
requires in order to proliferate. 
The minimum number of cells per millilitre of culture medium required to 
ensure this optimal micro-environment for the cells is 104 cells (Diamond et al. 
1973) to IO6 cells (Halle 1976). The anterior chamber with its volume of about 
0.25 ml might be regarded as a kind of tissue culture chamber in which about 
200,000-400,000 endothelial cells are kept in culture. Or, rather than as a tissue 
culture chamber, it could be described as a kind of perfusion chamber. The 
aqueous humour is produced in the ciliary body, nourishes the cornea and 
lens, and drains the metabolites off via the trabecular system. Aqueous 
humour production under normal conditions is estimated to amount to 2 
μΐ/minute, i.e. 1% of the volume of the anterior chamber (Sears 1981). 
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This continuous refreshing of the 'medium' might be at odds with the creation 
of the micro-environment in which proliferation could take place. Conse-
quently there can be no physiological regeneration to compensate the endo-
thelial loss resulting from the ageing process. Apart from this 'medium'factor, 
contact inhibition of the endothelial cells also plays a role. 
Whether the posttraumatic change in the composition of aqueous humour 
observed in in-vivo studies as stimulating endothelial proliferation (Korn-
blueth and Tenenbaum 1956; Radius et al. 1980) also occurs in the human 
situation, is unknown. Nor is it clear to which extent the diminution of contact 
inhibition observed in in-vivo human endothelial wound healing is responsible 
for the proliferative activity observed. 
However, further research is required to identify, analyse and eliminate the 
factors which delay or even prevent corneal endothelial proliferation during 
wound healing. It seems logical that the effect of topical corticosteroids on 
corneal endothelial wound healing observed in rabbits (Polack and Rosen 
1967; Sanchez and Polack 1974) also applies to human subjects. Whether the 
inhibitory effect on proliferative potency observed in rabbits involves a 
changed composition of aqueous humour or a direct effect on the endothelial 
cells, is unknown. 
An effect of topical corticosteroids on human corneal endothelial wound 
healing may be of clinical importance, especially since it has been demonstrat-
ed in this study that proliferation is a feature of the wound healing process. 
Research will also have to be devoted to methods of stimulating the observed 
proliferation to ensure even more rapid re-endothelialization and promote 
ideal wound healing. 
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CHAPIIR 6 
SUMMARY 
Chapter J presents a general introduction and explains the problem statement 
which prompted this study 
Chapter 2 discusses the embryology, anatomy and physiology of the cornea, 
wound healing in general, and corneal endothelial wound healing m particular. 
It focuses special attention on the anatomy of the cornea and the intercellular 
junctions of its endothelium The physiological function of the corneal 
endothelium is briefly explained. The cell cycle is discussed in order to 
elucidate the techniques used to study proliferation of a given type of tissue 
The processes involved in wound healing in general are discussed with 
relerence to the healing of a cutaneous wound 
Corneal endothelial wound healing has initially been studied mostly in animal 
experiments using rabbits as test animals In view of the evident proliferative 
properties of rabbit corneal endothelium, reports on subsequent experiments 
show a preference for test animals with endothelial characteristics that approx-
imate those of human corneal endothelium as closely as possible. The change 
was made in accordance with the current view that proliferation of human 
corneal endothelium does not occur in wound healing Both cats and non-
human primates seemed to be ideal test animals when it was demonstrated that 
the corneal endothelium in these species has virtually no more proliferative 
properties. 
In the most recent literature there are indications that corneal endothelium in 
primates, including man, is capable of synthesmng DNA as a feature of 
wound healing (Svedberg 1975, Gloor et al 1980, Simonsen et al 1981) 
Mitotic as well as amitotic figures of cell division have been demonstrated 
during wound healing in response to growth factors (Fujikawa et al 1980) and 
also without growth factors (Zagorski 1080) in in-vitro human corneal 
endothelial wound healing 
Chapter 3 describes the experimental set-up and the method of investigation in 
three different parts of the study 
1 he first part, for which nine adult monkeys (Macaca mulatta) were available, 
concerned the localization and degree of endothelial loss after a penetrating 
corneal allograft This was studied morphologically with the aid of vital 
staining, scanning electron microscopy and cross-sections The wound healing 
after such a graft was studied by the same method 
Next, the healing of a purely endothelial wound was studied for the prolifera-
no 
tion, and a similar study was made of a penetrating corneal autograft 
A flat specimen of the entire cornea was prepared Endothelial cell migration 
was studied with silver staining, and autoradiography was used to study the 
proliferative aspect The wound was exposed in vivo to tritium thymidine 
during one hour The DNA-synthesizing cells incorporated the label during 
this hour This method made it possible to study both migration and 
proliferation in the same specimen, even when a stromal wound was involved 
This combined technique, sometimes with nuclear staining added, was used in 
its entirety or in parts to study corneal endothelial wound healing in 152 
human corneas in vitro This study was performed at the Bascom Palmer Eye 
Institute, Miami, Florida, USA, and was subdivided into nine experiments 
The purpose of these experiments was to establish whether human corneal 
endothelium is capable of proliferation as a feature of wound healing, and the 
time at which this proliferative proces occurs The influence of exogenous 
factors on wound healing was also studied in these experiments, while other 
experiments were performed preparatory to the study of in-vivo human 
corneal endothelial wound healing The in-vivo human corneal endothelial 
wound healing was studied in the third part of the study 
The latter made it necessary to induce the endothelial wound transcorneally 
with the aid of a cryo-probe, in contrast to the mechanical lesions studied in 
most of the in-vitro experiments The study of human corneas in vivo was 
likewise done at the Bascom Palmer Eye Institute, Miami, Florida, USA 
Chapter 4 discusses the results of the experiments The in-vivo experiments 
with adult monkeys revealed that endothelial damage was mainly localized 
along the deep wound margins The results of vital staining and those of 
scanning electron microscopy were in agreement The areas of Descemet's 
membrane where endothelial cells had been lost as a result of the surgical 
trauma, were re-endothehahzed within a few days 
Re-endotheliahzation of the stromal wound, however, took much longer 
During a period of observation of maximally four weeks, re-endotheliahzation 
was found only at sites where good adaptation of the wound margins had 
existed In areas showing lack of re-endotheliahzation granulating tissue from 
the stromal wound 
Combined silver staining and autoradiography revealed that, both in a purely 
endothelial wound and in corneal autografts, endothelial cell migration started 
first, to be followed by endothelial proliferation The latter was largely 
confined to the central part of the wound As soon as the endothelial cells 
established closer contact with each other, DNA synthesis (i e the proliferative 
component) diminished 
The in-vitro experiments with 152 human corneas also showed that, after a 
corneal endothelial trauma, cell migration starts first, to be followed after a 
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latent period by proliferation. The age of the cornea donors ranged from I to 
76 years. 
The presence of autoradiographically positive mitotic figures demonstrated 
that DNA synthesis is followed by cell division. No qualitative difference was 
found between a mechanical wound and a transcorneally induced cryo-
lesion of the endothelium. Nor was the quality of endothelial wound healing 
dependent on the presence of foetal calf serum in the culture medium. 
The in-vivo study revealed that corneal endothelium is capable of proliferation 
as a feature of the wound healing process. This study was done in one 65-year-
old and one 67-year-old patient, whose corneal wounds were studied 3 and 5 
days, respectively, after infliction. 
Chapter 5 discusses the importance of undisturbed wound healing to ensure 
optimal endothelial function after a corneal graft. Histopathological studies of 
failed corneal grafts nearly always show that deep-layer wound healing was 
disturbed, often leading to retrocorneal membrane formation. The current 
view that human corneal endothelium is incapable of proliferation is based on 
the fact that spontaneous cell division does not occur in it after completion of 
the growth phase of the eye. 
Since corneal endothelial cell divisions do occur spontaneously in the corneal 
endothelium of young adult rabbits (4-6 months), before disappearing almost 
completely with increasing age, young adult rabbits are considered unsuitable 
as test animals in experiments imitating the human corneal graft situation. 
Monkeys and cats as well as adult rabbits are believed to be more suitable for 
this purpose. 
The results of this study demonstrate that corneal endothelium is indeed 
capable of proliferation as a feature of wound healing, both in non-human 
primate corneas in vivo and human corneas in vitro and in vivo. 
In human subjects this phenomenon was observed even at an advanced age. 
Proliferation reached a peak early in the course of wound healing (on the 
second and the third day) and gradually diminished, regardless of whether re-
endothelialization was or was not completed. 
The endothelial proliferation causes the cellular density in the wound area to 
increase, and this contributes to more rapid re-endothelialization. Re-en-
dothelialization of the stromal wound has an inhibitory effect on the prolifera-
tive process, in the stroma. By ensuring good adaptation of the deep-layer 
wound (and rapid re-endothelialization) the stromal granulation process can 
be minimized and retrocorneal membrane formation prevented. 
In rabbits, endothelial proliferation as a feature of wound healing is inhibited 
by topical corticosteroids. Further research will be required to establish 
whether this inhibition also occurs in human corneal endothelial wound 
healing. Especially since this study has demonstrated that human corneal 
endothelium is capable of proliferation as a feature of wound healing in vivo. 
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SAMENVATTING 
In de-algemene inleiding, hoofdstuk 1, wordt de probleemstelling, die aanlei-
ding was tot dit onderzoek uiteengezet. Hoofdstuk 2 behandelt de embryolo-
gie, anatomie, fysiologie van de cornea, wondheling in het algemeen en 
wondheling van het corneaendotheel in het bijzonder. 
Met name wordt ingegaan op de anatomie van de cornea en de intercellulaire 
verbindingen van het endotheel. De fysiologische functie van het corneaendo-
theel wordt in het kort uiteengezet. Om de technieken, toegepast om prolifera-
tie van een weefselsoort te onderzoeken, te verduidelijken, wordt in het kort 
ingegaan op de celcyclus. De processen die bij elke wondgenezing optreden, 
worden aan de hand van de genezing van een huidwond besproken. 
De wondgenezing van het corneaendotheel is grotendeels gebaseerd op 
onderzoek, waarbij het konijn het proefdier was. Wegens het aanwezig zijn van 
proliferatieve eigenschappen van het konijnencorneaendotheel, wordt in latere 
literatuur de voorkeur gegeven aan proefdieren waarvan de endotheeleigen-
schappen zoveel mogelijk overeenkomen met die van de mens. Dit omdat 
volgens het huidige concept proliferatie van het menselijke corneaendotheel bij 
de wondgenezing niet voorkomt. Zowel de kat als de niet-humane primaat 
lijken het proefdier bij uitstek te zijn. Bij deze dieren is aangetoond, dat het 
corneaendotheel vrijwel geen proliferatieve eigenschappen meer bezit. 
In de meest recente literatuur zijn er aanwijzingen dat het corneaendotheel van 
de primaat inclusief de mens in staat is DNA te synthetiseren als onderdeel 
van de wondgenezing (Gloor et al. 1980, Svedberg 1975, Simonsen et al. 1981). 
Onder invloed van groeistoffen zijn er zowel mitotische als amitotische 
delingsfiguren aangetoond tijdens de wondgenezing (Fujikawa et al. 1980), als 
ook zonder groeistoffen (Zagorski 1980) bij de humane corneaendotheel-
wondgenezing in vitro. 
De proefopstelling en onderzoekmethode worden in hoofdstuk 3 beschreven. 
In het eerste deel van het onderzoek, waarin beschikt kon worden over 9 
volwassen apen, wordt beschreven waar en in welke mate het endotheelverlies 
optreedt tijdens een allologe penetrerende corneatransplantatie. Dit werd 
morfologisch bestudeerd met vitale kleuring, scanning electronenmicroscopie 
en dwarscoupes. De wondgenezing die volgde na een dergelijke ingreep werd 
volgens dezelfde methode bestudeerd. 
Vervolgens werd de endotheelwondgenezing van een zuivere endotheelwond 
onderzocht op het voorkomen van proliferatie, gevolgd door eenzelfde 
onderzoek bij een autologe penetrerende corneatransplantatie. 
Er werd een endotheelvlakpreparaat gemaakt van de hele cornea. De endo-
theelmigratie werd onderzocht met zilverkleuring, terwijl het proliferatieve 
aspect werd onderzocht door middel van autoradiografie. 
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Tritium thymidine werd gedurende een uur in vivo in contact gebracht met de 
wond. Door de DNA synthetiserende cellen werd gedurende dit uur tritium 
thymidine geïncorporeerd. Met deze methode kon in hetzelfde preparaat zowel 
migratie als proliferatie onderzocht worden, ook wanneer er een stromale 
wond aanwezig was. 
Deze gecombineerde techniek, uitgebreid met een kernkleuring, werd in zijn 
geheel of in onderdelen gebruikt bij de bestudering van de corneaendotheel-
wondgenezing van 152 humane corneas in vitro. 
Dit onderdeel dat in het Bascom Palmer Eye Insitute, Miami, Florida, USA 
werd uitgevoerd, was onderverdeeld in 9 experimenten. De experimenten 
hadden tot doel na te gaan of het humane corneaendotheel in staat was tot 
proliferatie als onderdeel van de wondgenezing en wanneer dit proliferatie-
proces optrad in de tijd. Tevens werd in dit onderdeel de invloed van exogene 
factoren op de wondgenezing bestudeerd en werden experimenten uitgevoerd 
ter voorbereiding van het derde onderdeel van het onderzoek, namelijk 
bestudering van de corneaendotheelwondgenezing bij de mens in vivo. 
Hiervoor was het nodig om de endotheelwond transcomeaal, door middel van 
bevriezing, aan te brengen, in tegenstelling tot de mechanische laesies die 
gebruikt werden in de meeste van de in vitro experimenten. Het in vivo 
onderdeel werd eveneens in het Bascom Palmer Eye Institute, Miami, Florida, 
USA, uitgevoerd. 
In hoofdstuk 4 worden de resultaten van de proeven besproken. Uit de in vivo 
proeven met de volwassen apen bleek, dat de endotheelbeschadiging voor-
namelijk langs de diepe wondranden gelocaliseerd was. De resultaten van de 
vitale kleuring en de scanning electronenmicroscopie waren met elkaar in 
overeenstemming. De gebieden van de membraan van Descemet waar de 
endotheelcellen verloren waren gegaan door het operatietrauma, werden in 
enkele dagen weer bedekt. 
De reëndothelialisatie van de stromawond duurde daarentegen veel langer, bij 
de maximale observatieperiode van 4 weken, was de reëndothelialisatie slechts 
op die plaatsen tot stand gekomen, waar een goede adaptatie van de 
wondranden aanwezig was. In die gebieden waar dat niet het geval was, werd 
de reëndothelialisatie belemmerd door granulerend wondweefsel vanuit het 
stroma. 
De gecombineerde zilverkleuring en autoradiografie toonde aan, dat zowel bij 
een zuivere endotheelwond als bij de autologe corneatransplantatie, eerst het 
migratieproces van de endotheelcellen op gang kwam, om gevolgd te worden 
door proliferatie van endotheel. 
De proliferatie vond voornamelijk plaats in het centrale deel van de wond. 
Zodra de endotheelcellen nauwer contact met elkaar kregen, nam de DNA 
synthese (dus de proliferatieve component) af. 
Bij de in vitro experimenten met 152 humane corneas kon ook wordçn 
aangetoond, dat na een corneaendotheelwond eerst het migratiemechanisme 
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op gang komt, na een latentietijd gevolgd door proliferatie De donorleeftijd 
varieerde van I tot 76 jaar 
Dat de DNA synthese gevolgd wordt door celdeling, werd door de aanwezig-
heid van autoradiografisch positieve mitosefiguren, aangetoond, Kwalitatief 
werd er geen verschil gevonden tussen een mechanisch en een transcorneal 
geïnduceerde cryo-endotheelwond De endotheelwondgenezing was kwalita-
tief niet afhankelijk van foetaal kalfsserum 
Het in vivo onderzoek toonde aan, dat het corneaendotheel in staat was tot 
proliferatie als onderdeel van de wondgenezing Dit onderzoek werd uitge-
voerd bij een 65 en een 67 jarige patient De corneawond werd bestudeerd na 
respectievelijk 3 en 5 dagen na het aanbrengen van de wond 
Histopathologisch onderzoek van mislukte corneatransplantaties toont vrijwel 
altijd aan, dat er stoornissen in de wondgenezing van de diepe lagen zijn 
geweest, vaak gepaard gaand met de vorming van retrocorneale membranen 
Het belang van een ongestoorde genezing voor het verkrijgen van een optimale 
functie van het endotheel na een corneatransplantatie, wordt uiteengezet in 
hoofdstuk 5 
Het huidige concept, dat het corneaendotheel van de mens met m staat zou zijn 
tot proliferatie, berust op het feit, dat er spontaan in het endotheel van de 
cornea geen celdeling voorkomt, alleen tijdens de groeifase van het oog 
Omdat bij het jong volwassen konijn (4-6 maanden) nog wel celdelingen van 
het corneaendotheel voorkomen, hoewel dit vrijwel volledig verdwijnt bij het 
ouder worden, wordt het jong volwassen konijn niet geschikt geacht als 
proefdier om humane corneatransplantaties na te bootsen De kat en de aap 
zouden hier beter voor geschikt zijn, evenals het volwassen konijn 
De resultaten van dit onderzoek tonen aan, dat zowel bij de aap in vivo als bij 
de mens in vitro en in vivo, het endotheel van de cornea in staat is tot 
proliferatie als onderdeel van de wondgenezing 
De piek in de proliferatie werd vroeg in de wondgenezing gevonden, op de 
tweede en derde dag Dit nam geleidelijk af, onafhankelijk van het feit of de 
reendothcliahsatie voltooid was of niet 
Door de proliferatie van het endotheel neemt de celdichtheid in het wondge-
bied toe, welke bijdraagt tot een snellere reendothcliahsatie Endotheelbedek-
king van de stromawond heeft een remmende invloed op het prohferatieproces 
in het stroma Door voor een goede wondadaptatie van de diepe lagen te 
zorgen kan door snelle reendothcliahsatie het stromale granulatieproces tot 
een minimum beperkt blijven en daarmee soms retrocorneale membraanvor-
ming voorkomen worden 
Endotheelprohferatie als onderdeel van de wondgenezing bij het konijn wordt 
geremd door locale toediening van corticosteroiden Nu is aangetoond dat het 
humane corneaendotheel tot proliferatie als deel van de wondgenezing in vivo 
in staat is, zal nader onderzoek nodig zijn om na te gaan of deze remming ook 
bij de mens optreedt 
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STELLINGEN 
I 
Nu is aangetoond, dat bij de corneaendotheelwondgenezing proliferatieve 
eigenschappen wel degelijk een rol spelen, dient de waarde van de endotheel-
fotografie (specular microscopy) opnieuw beoordeeld te worden 
II 
De toepassing van locaal toegediende corticosteroiden in de directe postope-
ratieve fase bij oogheelkundige patiënten is discutabel 
III 
Een ongestoorde wondgenezing heeft een 'preventief aspect 
IV 
Een intraoculaire tumor bij een patient bekend met een maligmteit, dient 
beschouwd te worden als een métastase totdat het tegendeel bewezen is 
V 
Bij een glasvochtbloeding van een zodanige intensiteit dat funduscopie met 
meer mogelijk is, dient op korte termijn echografisch onderzoek verricht te 
worden met zowel de A als de В scan 
VI 
De klinische betekenis van fluorometne is dubieus 
VII 
De panretinale lichtcoagulatie bij proliferatieve diabetische retinopathie, is een 
bewezen waardevolle aanwinst bij de behandeling van deze afwijking 
VIII 
Voor het gebruik van medische stereofotografie is standaardisatie essentieel 
IX 
De overwaardering van de onderzoekslijn, in het kader van de subsidieverle­
ning, werkt remmend op het aangaan van nieuwe samenwerkingsverbanden 
tussen onderzoekers 
χ 
Het voorschrijven en het afleveren van medische hulpmiddelen dient geschei­
den te blijven. 
XI 
Hoewel dit doorgaans ontkent wordt, vertoont het gedragspatroon van de 
mens opvallende gelijkenis met dat van de dieren. 
XII 
Dat elke generatie opnieuwe gelijksoortige fouten maakt, is grotendeels terug 
te voeren op het feit dat ervaring helaas nauwelijks overdraagbaar is. 
XIII 
Door afwezigheid van competitie ontstaat gezapigheid en kwaliteitsverlies. 
XIV 
Zelfkritiek is één van de gemakkelijkst te onderdrukken karaktereigenschap-
pen. 
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